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1.1 Two-Dimensional exciton fine structure 

The spin properties of excitons in nanostructures are determined by their fine 
structure. Before analysing the exciton spin dynamics, we give first a brief 
description of the exciton states in quantum wells. We will mainly focus in 
this review on GaAs or InGaAs quantum well which are model systems. For 
more details, the reader is referred to the reviews in ref. [1,2]. As in bulk 
material, exciton states in II- VI and III-V quantum wells (QW) correspond 
to bound states between valence band holes and conduction band electrons. 
As will be seen later, exciton states are shallow two-particle states rather close 
to the nanostructure gap, i.e. their spatial extension is relatively large with 
respect to the crystal lattice, so that the envelope function approximation can 
be used to describe these states. 

The problem of exciton states in bulk crystals or nanostructures is in fact 
a A''— electron problem, in which we seek for the stationary states of a crystal 
where one electron has been removed from the valence states and set in the 
conduction band, thus leaving A^ — 1 valence band electrons. Due to electron 
indiscernability, the latter states should be antisymmetrized. At this point it is 
more convenient to use the electron-hole pair states basis, V's.fce (''e)V'm,fc^ ('"/t) 
where tps,k^ (fe) — -^e^'^'"'^^Us^k^ {fe) is a conduction Bloch function {V being 
the crystal volume), and ip'^ (r^) — --y=e^'''^-'^'^u,n,kh {fh) is the hole function 
obtained by applying the time reversal operator AT to a corresponding electron 
valence state ipm^.k^ir). This description offers the advantage to give the 
possibility to solve the exciton problem as a two-body problem. This is done 
usually in two steps: first treat the Hartree type problem between a conduction 
electron and a hole with direct Coulomb attractive potential, thus yielding the 
so-called "mechanical" exciton, then solve by perturbation the corrections 
due to electron-hole exchange terms. Note these terms appear due to the non 
vanishing coulomb exchange terms arising between the conduction electron 
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and the remaining N — 1 valence band electrons. A description of the exciton 
fine structure in bulk semiconductors can be found in [3]. 

In quantum wells structures, as in bulk material, a conduction electron 
and a valence hole can bind into an exciton, due to the coulomb attraction. 
However, the exciton states are strongly modified due to confinement of the 
carriers in one direction. As we have seen, this confinement leads to the quan- 
tization the single electron and hole states into subbands [1, 73], and to the 
splitting of the heavy- and light- hole band states. The description of excitons is 
obtained, through the envelope function approach, and the fine exciton struc- 
ture is then deduced by a perturbation calculation performed on the bound 
electron-hole states without electron-hole exchange. However, this approach 
becomes then more complex in the context of two dimensional structures, and 
is summarized in Appendix I. The full electron-hole wave function can finally 
be approximated by: 

^a{re,rh) = Xc,^Aze)Xj,,^Azh)—^-^=—(p]^uirj_)u,{re)urndrh) (1.1) 

where, a represents the full set of quantum indexes characterizing the exciton 
quantum state, e.g. explicitly: |a ) = \s,mh',Ve:i'h,K±,j,n,l ). Here Xeiz) 
and Xjh{z) arc the single particle envelope functions describing the electron, 
heavy-hole {j=h) or light hole {j = I) motion along the Oz growth axis, R± is 
the exciton center of mass position, A is the quantum well quantization area 
and (f'^jniir 1^ characterizes the electron-hole relative motion in the QW plane. 
This is in fact the function basis we shall take to formulate the electron-hole 
exchange in a QW exciton. 

The principle of the calculation relies on the evaluation of the direct and 
exchange integrals: 

r 

D0,oc= / 'P*Jre,rh)—. Mre,rh) (l-2a) 

J Eb \re - rh\ 

structure 

f 

-Ei3^„ = - / ^^{re,rh)— — |<f„K,re) (1.2b) 

structure 

In the calculations of integrals (1.2), two contributions appear: a short range 
one, which corresponds to the case where the electron and the hole are in the 
same Wigner cell f2 in the structure, and a long range one, which corresponds 
to the case where they are not. In the latter contribution, only the exchange 
integral has to be taken into account, since the direct long range Coulomb 
interaction has already been considered in the equations of the 2D mechan- 
ical exciton (AI.2). Such integrals have been computed in ref. [4]. It turns 
out that, in narrow QWs, they are much smaller than the heavy-/light-hole 
splitting Ahi, as well as the one between the different single particle subband 
states z/(.(;i), and finally the ls/2s exciton splitting. Then the first order per- 
turbation theory, applied to the degenerated exciton states associated with 
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a given subband pair, allows us to evaluate the corrections brought by (1.2) 
perturbation. 



1.1.1 Short-range electron- hole exchange 

For the ground state of the heavy- hole exciton (XH), the short range pertur- 
bation matrix is : 



j_^2D{SR) _ jj2D{SR) _ j^2D{SR) 



(1.3) 



It turns out that if^^JC-SK) jg proportional to 



0) 



Ihh, where 



Ihh = IXe4(2)|^ \xh,i{z)Y' dz, a measure of the probability for the elec- 
tron and the hole to be at the same position in the QW, times the differ- 
ence between direct and exchange Coulomb terms built with Bloch state 
products \s,mh). It is convenient to evaluate (1.3) with respect to the 3D 
case. Then, the short range exchange is given, in the spherical approximation 
and within an inessential energy constant, by: H^d{sr) ^ lAoJe-Se, where 

Aq = fl \ 4>i^{r = 0)|^ is the 3D short range exchange splitting (in crystals 
of Td symmetry, an additional term A2 ^\^x y z '^e.\Jh \ introduces a small 
splitting in the J = 2 exciton states, which will be neglected here, see Pikus 
et al. in [3]), and <?!)f^ is the 3D exciton hydrogenic Is function. 

In 2D systems, due to the splitting Aih between heavy-hole and light- 
hole excitons (labeled XH and XL respectively), it is possible to use the 
restriction of if^^'C-SK) ^j^g xH subspace. The XH basis basis states are 
labeled according to their projection to the quantization axis Oz (the struc- 
ture growth axis), according to \M) = \Sf, + jh) (Se = ±1/2, = ±3/2), so 
that BxH = {|+2) , 1+1) , |— 1) , |— 2)}. The short-range interaction now takes 
the form: 



H, 



2D{SR) 
hh 



l2D 



(0) 



C(0)| 



i-hh 




10 
10 




(1.4) 



2D 



rhh- 



where the short-range 2D splitting is given by Aq 

Expressions (1.4) show that: (i) only excitons with the same center of mass 
wave- vector K± can interact, (ii) the short range exchange correction Aq^ is 
independent of K±. In an infinite QW, the overlap integral is Ihh = 3/(2Lv^) 

2 3D 



where Lw is the QW width, so that 



a2D 

^0 



16 



An 



showing 



that when the quantum well width decreases, the 2D short range exchange 
increases first, as is clear from figure I.l of Appendix I. This corresponds to the 



4 Thierry Amand and Xavier Marie 



symmetry 



Dj;, symmetry 





J=1 








J=2 



Cj^ symmetry 
r; + r^|(x,Y) 



(a) 



Td symmetry 
L(Z) 

r» J=1 / T(X,Y) 



(b) 



symmetry 
L (X) 



Z 



T (Y) 



Alt(K) 



Fig. 1.1. (a) Short range exchange splitting of exciton states in direct gap 
zinc-blende crystals (Td symmetry), and of heavy hole excitons in D2d or C2v 
GaAs / AlGaAs [001] heterostructures. (b) Long range electron-hole exchange (non- 
analytic contribution) in crystals of Td symmetry, and ei — hhi ground state heavy- 
hole exciton in D2d heterostructures (the splittings between the dark states - the 
J = 2 excitons - can be neglected in most experimental situations). The notations 
of the representation Fi are those of Koster tables [5]. 



trend observed experimentally (see later, fig. 1.17). To conclude on short-range 
exchange, in terms of effective Hamiltoniaii, describing the heavy-hole doublet 
by a pseudo-spin (|3/2,^3/2) = 1 1/2, ±1/2 )^) and using Pauli matrixes (Je,i 
and ah,i (i = x, y, z) for electrons and holes, the most general form for type I 
QW of D2d symmetry is [1]: 

rr2D{SK) ^0 , ^2 / , X 

"■hh = -^(^e,z'^h,z + [(^e,xO'h,x + Cre,yCrh,y) (l-O) 

where the small A2 term splits the J = 2 heavy-hole exciton states. In some 
QW structures, the confinement potential of electrons and holes does not occur 
in the same layer. For instance for GaAs/AlAs structures with suSiciently 
narrow GaAs layer, the holes are still confined in the GaAs layer, while the 
electrons are in the AlAs layer (the so-called type II quantum wells). The 
type II excitons (see Appendix 1.2) are much more sensitive to the interface 
symmetry on which they are localized than type I excitons. Such interface has 
usually C2V symmetry. The short range exchange is thus modified accordingly. 
One obtains for if2r>(Sfl) ^yp^ jj [^j. 



1 Exciton Spin Dynamics in Semiconductor Quantum Wells 



5 



+ {o-e,x<^h,y + <^e,yO'h,x) + {o'e,x'^h,x + (^e,y<^h,v) (1-6) 

where an additional Ai term, often called anisotropic exchange, couples the 
optically active (J = 1) exciton states (belonging to representation of 
D2d in Koster notations [5]), but not the to the A nor to the /2 states 
(of D2d) ones. The optically active doublet (in I?2d) is thus split into two 
linear exciton states which dipoles are aligned along the [1,1,0] and the [1,-1,0] 
crystallographic directions. The figure 1(a) shows the evolution of the short 
range splitting when the symmetry of the semiconductor is lowered from 
to D^d and then to C2v 



1.1.2 Long-range electron-hole exchange 

In bulk material, it can be shown that, for Kq « 7r/a (a being the lat- 
tice parameter, and Kg the exciton center of mass wavcvector), long-range 
exchange can be approximated by the operator with general matrix elements: 



Kg 



2 ^/3,0-''0,a 



(1.7) 



where: \a) = \s,mh,n,l,m) and |/3) = \s' ,m'f^,n' ,1' ,m') are exciton states 
{n,l,Tn indexes correspond to the 3D hydrogenic functions), |0) is the crystal 
ground state (without excitons); ra,0 = {a\ f |0) = (</'^^,^(r- = 0)) * ^rK^ ruhj 
is the dipole operator between the crystal groimd state and the exciton state 
I a), and K is the time reversal operator. Expressions (1.7) show that : (z) 
only excitons with the same center of mass wave-vector Kg can interact with 
long-range exchange, (ii) the latter contains two contributions: the first one 
is the so-called non-analytic part, since its value changes depending on the 
way Kg goes to zero. It is responsible for the longitudinal-transverse splitting 
of excitons Alt- The second one is analytical, and is usually dropped. (Hi) 
the matrix elements £^/3,a are non zero only between optically active states. 
As the angular momentum of valence states are L = 1, only |n,0,0) states 
contribute to the non-analytic contribution to exchange. In cubic crystal, the 
energy of the longitudinal transverse splitting is given, for the ground-state 
Te X Tg exciton by [1] : 

3^ _ 167re^ ?i2p2 

where P = {iS\pz \ Z) /mo is the usual Kane parameter. For GaAs Alt ^ 
O.lmeV [6]. 

In quantum wells structure, the calculation can be found in ref. [4]. For 
the lowest heavy- hole excitons, it leads, in the heavy- hole exciton basis Bxh, 
to : 
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where (p = ip {K±) is the angle between K± and the Ox axis, 



(1.9) 



^?f(0)| 



(1.10) 



and Iq is a form factor, given by : 

/o = /+^Xe,i(^)x/.,i(^)rf^/^^Xe,i(^')x/,.i(^')rf^'e-''"l^-^'l (the QW func- 
tions Xe.i/(z) and Xh,iy'iz) are supposed as real here). For K± << tt/Lw, 

one can approximate e~^-^\^~^ I « 1, and Iq ~ |(Xe,i | X/t,i)|^, it re- 
duces to the overlap of the electron and hole functions (in the infinite bar- 
rier model, lo = 1). Finally, we obtain the approximation: A\'}{K±) « 



(Xe,l \Xh,l}\ 



''K±. Contrary to the 3D case (sec fig. lb), the 



2D longitudinal transverse splitting is zero for K± — 0, and increases linearly 
with K±. For instance, if a'^J^K^ w 0.1, one can estimate ~ AOfieV typ- 
ically for GaAs/AlGaAs QWs of 2D character. Similarly to the short range 
exchange Aq^ , the long-range splitting Aj^^ increases when the confinement 
increases {i.e. when the well width decreases). As we shall see in section 1.3.4, 
the long-range exchange interaction is at the origin of an important spin re- 
laxation channel for excitons in type I quantum wells. 



1.1.3 Exciton in magnetic field 

It can be shown from the envelope function approach [1] that the hamiltonian 

describing the exciton splitting in an external magnetic field B = (Bj_,Bj:) 
for a structure of D2d symmetry can be written as: 

= We,S + 'Hh,B 

nh,B= 1^390 [kBJ +q BJl^ (1.11) 

(x=x,y,z 

where Hb '^s the Bohr magneton, go the free electron g- factor, and S = 
{S±,Sz) and J = { Jx, Jy, Jz ) are the electron and hole spin and angular 
momentum operators respectively. The effective constants k and q may diff'er 
from the one of free holes [1]. Generally, one have q << 1. The electron g- 
factor is anisotropic {ge,±, 9e,\\) due to the confinement along the growth axis 
Oz of the QW which splits the heavy and light hole. 
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In longitudinal magnetic field, for heavy- hole exciton, the matrix of Hb, 
in the basis B'^h = , | — 1) , |+2) , |— 2)}, becomes : 

















—UJ- 














L0+ 

















(1.12) 



with: huj± = 2fiBB,_ [| (k + fq) go ± ^ge,\\] = tJ^sB:, {-~9h,\\ ± 9^ 
allows us to define the exciton longitudinal g-factor g^^^ y . This 
thus only splits the J = 1 and J = 2 heavy-hole exciton states 
analyse the exciton spectra under longitudinal magnetic field 
optics experiments, one has to add the short-range exchange 



,||) /2, which 
hamiltonian 
. In order to 
in magneto- 
hamiltonian 



2D(SR) 
hh 



as will be shown later in section section 1.4.1. 



In transverse magnetic field, the matrix of Ti^ takes now the form, in the 
same basis: 







Kb 







Sh,B 
5e,B 



Se,B 
"h.B 






5h,B 
K.B 






(1.13) 



with 5, 



e.B 



B^+iBy 



and (5/i B = ^goQI^B " ^ " • The form (1.13) with 

g = will be used together with H^^^^^^ in section 1.4.2 to analyse exciton 
quantum beats, initially prepared in j+l) state by optical pumping. 



1.2 Optical orientation of exciton spin in Quantum Wells 

Thanks to the development of stable ultrafast laser sources at the end of the 
1980's, it has been possible to monitor directly in the time domain the carrier 
spin dynamics in semiconductors [7, 8] . Time-resolved polarization absorp- 
tion measurements based on pump-probe techniques or time-resolved polar- 
ized photoluminescence (PL) experiments were extensively used to measure 
the spin relaxation of excitons in semiconductor quantum wells [9-11]. These 
time-resolved techniques are very complementary tools to the well established 
measurements methods based on cw photoluminescence spectroscopy or Hanle 
type experiments [3,12]. The measurement of the circular polarization dynam- 
ics of the exciton luminescence after a circularly polarized (cr+) pulsed laser 
excitation allows one to measure both (i) the spin polarization of the exciton 
just after the (5-like optical pump and compare it with the theoretical value 
given by the optical selection rules (see Appendix AI.3) and the band struc- 
ture and (ii) the decay time of the exciton spin polarization, which allows one 
to deduce the dominant spin relaxation mechanism. 
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Fig. 1.2. Intensities and /~ and polarization P = (/^ — /^)/(/^ + /^) of cxciton 
luminescence as a function of time following picosecond excitation at the exciton 
energy. /+(/") corresponds to the intensity of cr+ emission for cT+(cr~) excitation [9] 



Figure 1.2 displays for a Snm GaAs/AlGaAs Multiple Quantum Well 
(MQW) the time evolution of and /~ for resonant excitation of the heavy- 
hole exciton XH (7+ and I~ correspond to the right circularly polarized (<t+) 
luminescence component following a right ((t+) or left (cr~) circularly po- 
larized picosecond laser excitation respectively). Since only the heavy- hole 
exciton is excited (the spectral width of the laser pulse is much smaller than 
the heavy- light hole splitting) , the initial polarization [t = 0) of the exciton 
luminescence is very large : Pl{0) ~ 70% (the time-resolution of the streak 
camera used here as a detector is about lOps). The circular polarization in 
figure 1.2 decays with a time constant of 50ps. The link between this decay 
time and the spin relaxation of exciton is not straightforward since several 
spin relaxation channels can occur simultaneously [13,14]. This will be dis- 
cussed in detail in section 1.3. Figure 1.3 presents the variation of the initial 
polarization Pl{0) of the exciton luminescence as a function of the picosec- 
ond laser excitation energy in a compressively strained InGaAs/GaAs MQW 
{Lw = 7nm) [13]. When the incident photon energy is larger than the QW 
gap but smaller than the light-hole exciton transition (involving the El and 
LHi sub-bands), the initial polarization Pl(0) is as high as 95% (the time- 
resolution of the up-conversion time-resolved photolumincscence spectroscopy 
technique used here is about Ips). This very high Pl(0) value proves that the 
initial carrier thermalization process which occurs on a few hundreds of fem- 
tosecond time scale, leads to very minor carrier depolarization (at least for 
the conduction electrons under non resonant excitation). The calculated ini- 
tial polarization for valence to conduction band transitions using the envelop 
function formalism and the effective Luttinger Hamiltonian is also plotted in 
figure 1.3 (full line) [15]. The variation of Pl(0) versus the excitation energy 
is the result of valence band mixing. The mismatch around the [Ex — LH{) 
excitation energy between the experiment and the calculation is just due to 
the fact that the latter does not take into account the absorption increase 
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Fig. 1.3. Photoluminescence Excitation (PLE) spectrum under cw stationnary ex- 
citation. The initial polarization degree PL(f = 0) in dynamical experiments of the 
heavy-hole exciton luminescence as a function of the laser excitation energy is also 
displayed; (□): experimental data ; solid line: calculated values. T = 1.7K [13]. 



due to bound light-hole exciton state (XL) [16,17]. As a fact, the XL os- 
cillator strength may become stronger than the one of unbound Ei — HHi 
electron-hole pair states at the same energy (see Appendix L3). For a strictly 
resonant excitation of the light-hole exciton photoluminescence, the heavy 
hole exciton luminescence polarization can indeed be negative (opposite to 
the helicity of the excitation laser polarization), see the curve (3) in figure 1.4 
for a Lw = Anm GaAs/AlGaAs multiple quantum well structure [16, 18]. 



1.3 Exciton spin dynamics in Quantum Wells 

Exciton luminescence polarization studies in semiconductor QW have revealed 
the coexistence of two main mechanisms of exciton spin relaxation : the direct 
relaxation with simultaneoTis electron and hole spin flip due to the electron- 
hole exchange interaction [4] and an indirect one with sequential spin flips of 
the single particles (electron or hole), see the inset of figure 1.4. The rate of 
exciton spin relaxation in this indirect channel is limited by the slower single 
particle spin-flip rate, which is typically the electron one [19]. The relative 
efficiency of these mechanisms depends on the excitation conditions which 
can be resonant (the energy of the polarized excitation photons is equal to 
the exciton energy) or non-resonant (the photon excitation energy is typically 
above the Q W gap energy Ei — HHi ) . In the latter, the exciton spin dynamics 
is influenced by the exciton formation process [20] . 
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Fig. 1.4. Circular polarization dynamics of the heavy-hole exciton XH luminescence 
following a ((T"'")-polarized picosecond laser pulse. Four excitation energies : (1) hi' = 
XH + lOmeV ; (2) hf = XH + 22meV ; (3) hu = XH + 32meV, resonant with 
the light-hole exciton energy XL ; (4) hv = XH + 74meV [18]. Inset : Schematic 
diagram of the different exciton spin relaxation processes; Texc, Te and th represent 
the exciton, electron and hole spin relaxation time respectively (see text). 



1.3.1 Exciton formation in Quantum Wells 

In bulk semiconductors, two exciton formation processes are usually consid- 
ered: straight hot exciton photogeneration, with the simultaneous emission of 
an LO phonon, in which the constitutive electron-hole pair is geminate; or bi- 
molccular exciton formation which consists of the random binding of electrons 
and holes under the Coulomb interaction. 

The analysis of the initial polarization PL{t = 0) of the exciton lu- 
minescence in time-resolved optical orientation experiments performed in 
GaAs/AlGaAs or InGaAs/GaAs QWs reveals precious information about this 
exciton formation process [20] . The idea is to measure the initial PL polariza- 
tion -Pl(O) using an cUiptically polarized laser beam, characterized by its de- 
gree of circular polarization defined as Pe = — S~ ) / (17+ -|- ) where 
and represents the intensities of the right and left circularly-polarized op- 
tical excitation components. Figure 1.5 presents the cxpcrimcintal PL cdrcular 
polarization degree Pl (0) versus Pe for non-resonant and resonant excitation 
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Fig. 1.5. (a) Initial circular polarization degree of the exciton photoluminescence 

PL(t=0) versus the excitation light polarization degree Pe of the picosecond laser 
pulse in a Lw = 7nm 7no.2Gao.8^s/GaAs multiple quantum well. The symbols rep- 
resent the measured values for (n) quasi-resonant excitation : hu = XH+4meV; (*) 
non-resonant excitation : hf = XH + 34meV . The continuous lines are, respectively, 
the calculated Pl{0) values for a geminate and non-geminate (birnolecular) forma- 
tion process, (b) Similar analysis on a GaAs/Alo.sGao.jAs MQW {Lw = 4nm) ; (□): 
resonant excitation, hv = XH; (*): non-resonant excitation, hi> = XH + 15meV [20] 

conditions. The measurements are performed in a Lw = 7nm InGaAs/GaAs 
multiple quantum well structure. The striking feature is that for non-resonant 
excitation {hv = XH + 34meV < XL, where XH is the heavy-hole exci- 
ton energy and XL the light-hole one), the initial PL polarization degree is 
higher than the excitation light polarization. In contrast, in resonant excita- 
tion {hv ~ XH), below the QW gap, the behaviour is completely different: 
within the experimental accuracy the initial PL polarization is equal to the 
excitation light polarization, whatever the Pe value is [20]. 

In resonant excitation conditions, the excitons are formed from geminate 
pairs which keep their initial spin orientation; the initial PL polarization is 
thus : 

Pl{0) = Pe (1.14) 

in agreement with the experimental results in figure 1.5. 

In non-resonant excitation conditions (above the QW gap), the polarized 
excitation pulse creates electron- hole pairs with a total spin M = +1 and 
M = -1. The proportions arc (1 + Pe)/2 and (1 - Pe)/^ respectively. If the 
excitons are formed from spin-unrelaxed non-geminate pairs by a bimolecular 
formation process the initial excitonic populations on optically active and 
inactive spin states , |±1) and |±2), are respectively : A^±i oc (1±Pe)^/4 and 
iV±2 (X (I - P|)/4 . 
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The coherence effects are neglected here since the electron and hole angular 
momenta are now uncorrelated. The initial polarization is then given by : 

^l(O) = 3^ > Pe (1.15) 

an expression which shows that Pl (0) is strictly higher than the polarization of 
the excitation light when < Pe < 1- This is due to the fact that the electron 
| — 1/2) states are more populated than the 1+1/2) ones, and have a higher 
probability to bind to a |+3/2) hole than a |— 3/2) one. Expression (1.15) is 
strictly independent both of the initially created electron-hole pair density and 
the value of the bimolecular formation coefficient [21-24]. Equations (1.14) 
and (1.15) arc plotted in figure 1.4; the full and dotted lines correspond, 
respectively, to the geminate and non-geminate cxciton formation process. 
The comparison of the calculated and experimental polarization leads to the 
conclusion that following non-resonant excitation most of the excitons are 
formed by the bimolecular process. 

1.3.2 Exciton-bound hole spin relcixation 

In contrast to bulk materials in which the hole spin relaxation time is very 
fast (< Ips, characteristic time of the wavector relaxation time) [3,25], the 
lifting of the degeneracy in /c = between the heavy hole and light hole 
sub-bands in quantum wells yields a decrease of the valence band mixing 
and hence an increase of the hole spin relaxation time [26-30]. The exciton 
spin dynamics can thus be strongly affected by the hole single particle spin 
relaxation time, which occurs on the same time-scale as the direct cxciton spin 
relaxation which connects the two optically active |+1) and | — 1) exciton states 
(see section 1.3.4) [4]. However the exciton-bound hole spin relaxation time 
is usually shorter than the free hole spin relaxation in QW since the exciton 
is composed of holes states with wavectors ranging up to typically, and 
thus characterized by a significant valence band mixing. 

Two experimental techniques have been used to measure directly the hole 
spin relaxation time (r/j) within the 2D exciton [20,31]. 

a) Measurement of the hole spin relcLxation time by monitoring 
the total luminescence intensity dynamics 

This technique exploits the exciton bimocular formation process in the non- 
resonant excitation conditions. As shown in 1.3.1, the exciton bimolecular 
formation process yields an initial population of the exciton in the optically 
inactive states |±2) with a proportion (1 — P|)/2. 

Let us consider two different excitation conditions : first, a 100% circu- 
larly cr"*" light excitation; second a linearly polarized tr^ light excitation. In 
each case, the total luminescence intensity I„+ and 1^^ are recorded. These 
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Fig. 1.6. (a) Time evolution of the ratio R{t) = I^+{t)/Ia^{t) where I^+{t) and 
Ia^{t) are the total luminescence intensity following a (c^) circularly-polarized 
or (a^) linearly-polarized excitation pulse in a Lw = 7nm Ino.iGao.gAs /G&As 
multiple quantum well. The solid line is an exponential fit of R{t) according to 
R{t) = 2e~*/'^'', with th = 5.5ps. (b) Same measurements for a GaAs/Alo.aGao.jAs 
MQW {Lw = 4:nm) [30]. The experiment is performed at 1.7 K 



two measurement are performed at the same excitation energy (above the 
QW gap) and for the same excitation intensity. The ratio R{t) = 7^+//^* 
is presented in figure 1.6 for the QW structures already presented in figure 
1.5. When the excitation is Unearly polarized {Pe = 0), the excitonic pop- 
ulation is initially equi-distributed over the four states. Consequently, only 
half of the cxcitons arc initially active and this docs not change with time, 
since this distribution corresponds to the thermal equilibrium of the electronic 
excitations. 

When the excitation is 100% circular (Pe = 1), only states are ini- 
tially populated so that all the excitons are optically active at t = 0. Conse- 
quently R{0) = 2. The system will then tend to equalize the optically active 
and optically inactive excitonic population, due to the electron and hole single 
particle spin relaxation, so one expects a rapid decrease of R{t) towards 1. The 
exciton spin-flip, governed by the exchange interaction between the electron 
and the hole (see section 1.3.4), which changes the |+1) excitons into | — 1) and 
vice-versa, is strictly inoperative in the time evolution of R(t) which decays 
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according to R{t) = 2e~*(^/'^''"'"^/'^«^^. As the single particle exciton bound elec- 
tron spin relaxation time is longer than the exciton bound hole spin relaxation 
time (as can be inferred later from section 1.3.3), the evolution ofR{t) in figure 
1.6 reflects directly the hole spin relaxation time. The fit of the experimental 
curves yields a hole spin relaxation time of ~ 5.5ps and — 2.5ps in the 
InGaAs/GaAs and GaAs/AlGaAs QW structures presented. The advantage 
of this method is the direct measurement of th in the exciton, independently 
of the determination of the exciton spin relaxation time. Moreover, it does 
not require the modelling of the exciton energy relaxation and the effective 
radiative recombination processes as they are identical for the two I„+ and /o-x 
recordings. As expected in resonant excitation conditions (geminate formation 
of excitons), R{t) does not depend on time and equals 1 as expected [20]. 

The energy dependence of the hole spin relaxation time has been studied 
by Baylac et al. with this technique [30]. These authors found an hole spin 
relaxation time of Th ~ 15ps for an excitation energy near the InGaAs/GaAs 
QW gap Eg, dropping down to th ~ 6ps for hv > Eg+8meV as a consequence 
of the valence band mixing and the increasing of the electron-hole temperature 
with the increase of the excitation energy. 

b) Mecisurement of the hole spin relaxation with a two-photon 
excitation process 

A different experiment allows direct measurement of the conversion rate of 
J = 2 to J = 1 excitons in GaAs Quantum Wells due to hole single parti- 
cle spin relaxation [31]. The experiment is basically as follows. First, J = 2 
excitons are created via two-photon infrared excitation, using an Optical Para- 
metric Oscillator (OPO). Following the generation of the excitons, the single- 
photon recombination luminescence (~visible or near infrared) from the J = 1 
excitons is detected with a streak camera, which is completcily insensitive in 
the infrared. Since the streak camera does not respond to the infrared exciting 
laser light, the J = 2 excitons can be created by resonant excitation and ob- 
served immediately thereafter (after the conversion to J = 1 states), without 
unwanted background from the laser light. This experiment relies on the fact 
that just as single photon emission from J = 2 states is forbidden, two-photon 
absorption by J=l excitons is forbidden but two-photon absorption by J = 2 
excitons is allowed. The lower curve of Fig. 1.7 shows as a function of time 
the XH (J=l) exciton luminescence at 730nm, from a 3nm quantum well at 
2K, excited by circularly polarized OPO light i.e. following two-photon ex- 
citation of the Is heavy-hole resonance. The rise time of the luminescence 
intensity after the two-photon excitation is mainly governed by the hole spin 
relaxation time t^, (which is shorter than the single particle electron spin re- 
laxation time [19], see 1.3.3). On the basis of simple rate equations for the 
J = 1 and J = 2 exciton states, Snoke et al. concluded that the time scale for 
the hole spin-flip process in a narrow {Lw = 3nm) GaAs QW is of the order 
of 60ps [31], which corresponds here to resonantly created XH excitons. 
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Fig. 1.7. Lower curve : Luminescence intensity dynamics of the heavy-hole exciton 
J = 1 in a Lw = 3nrn GaAs/AlGaAs QW, following the generation in the ,7 = 2 
spin state by a 100/s circularly polarized laser pulse at 1471nm. Upper curve : 
Luminescence intensity dynamics of the heavy-hole exciton J = 1 in the same QW, 
following the generation in the J — 1 spin state by a 730nm laser pulse (the relative 
intensity scales of the two curves are arbitrary) [31]. 



1.3.3 Exciton-bound electron spin relaxation 

The exciton-bound electron spin relaxation has been calculated by E. A. de 

Andrada c Silva and G. C. La Rocca taking into account the conduction band 
splitting due to the spin orbit interaction [19]. They have shown that the 
off-diagonal matrix element between optical active and inactive exciton states 
that differ only with regard to the electron spin direction can be represented by 
an effective magnetic field that changes randomly as the exciton is elastically 
scattered and relaxes its spin. The exchange splitting Aq between the optical 
active and inactive states acts as a constant external magnetic field, reducing 
the electron spin relaxation rate. The estimated rate of the bound electron 
spin flip agrees well with values obtained from fitting the experimental data 
(see 1.3.4) [13,14]. 

This spin relaxation rate We = l/2re writes [19] : 

where r* is the exciton elastic momentum scattering time, Aq is the exchange 
splitting between the optical active and inactive exciton states, K is the exci- 
ton wave vector and a a constant depending on spin-orbit interaction in the 
conduction band. 

This means that the exciton-bound electron spin dynamics prc;sc;nts a mo- 
tional narrowing type of relaxation analogous to the D'Yakonov-Perel free- 
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Fig. 1.8. Well width variation of the exciton-bound electron spin relaxation time 
Te for different values of the elastic momentum scattering time r* in GaAs / AlGaAs 
quantum wells [19]. 

electron spin relaxation [32,33]. Figure (1.8) displays the well- width depen- 
dence of this exciton-bound electron spin relaxation Te for different values of 
the elastic momentum scattering r* in GaAs/ AlGaAs QW. The spin relax- 
ation time increases with the well width due to the corresponding decrease 
in the average spin-orbit splitting in the conduction band that the bound 
electron feels. 

Except in the narrow well limit, we observe the usual motional narrowing 
behaviour with the exciton-bound spin-relaxation time roughly inversely pro- 
portional to the momentum scattering time. Experimental investigations of 
the exciton-spin dynamics in high-quality GaAs / ALj.Gai_,j.As multiple quan- 
tum wells (x = 0.3 and = I5nm) have determined through detailed 
fitting procedures that the exciton-bound electron-spin relaxation rate lays 
in the range 3 x 10^s~^ < We < 3 x lO^s"^ [13, 14], in agreement with the 
calculated values plotted in figure 1.8. 

1.3.4 Exciton spin relaxation mechanism 
a) The MAS mechanism 

The main exciton spin depolarization mechanism in QW occurs via the ex- 
change Coulomb interaction between the electron and the hole. The the- 
ory of this mechanism has boon developed by M. Z. Maillc, E. A. dc An- 
drada e Silva and L. J. Sham (MAS process) [4]. The restriction of the 
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heavy- hole exciton long-range exchange (equation 1.9) to the J = 1 doublet 

(|±3/2, =f1/2) = |±l/2)p,j.^) allows us to describe its spin dynamics using the 

pseudo-spin formalism. From equation 1.9, the restriction of H^j^^^^^ takes 

the form: ^^""^ = + nLT{Kx)Ax, where 4. = {h/2){a^,ay,a,) 

is the XH exciton pseudo-spin, and flLT{K±) = —A^/{2h){cos2(f, sin2ip, 0) 
is a precession vector. Letting S,,x =< S^x > be the average exciton pseudo- 
spin, its time evolution is given by: dSex/dt = Hlt^Kx) x S^x- The process 
may then be viewed as due to exciton spin precession in a fluctuating effective- 
magnetic field located in the well interface plane. The magnitude and direction 
of this field depends on the centre of mass momentum K±_ , and vanishes for 
K± = states. Its correlation time corresponds to the exciton momentum 
scattering time t*. The scattering of the centre of mass momentum creates 
a random effective magnetic field, responsible for the exciton spin relaxation, 
in the same manner as any other motional narrowing spin-flip processes, with 
the characteristic dependence of the spin-relaxation time on [t*)~^ . The in- 
verse exciton spin relaxation time (Tea;c, often labeled Tgi) is given, provided 
that Qlt{K)t* « 1 holds, by: 

^^{Ql^)r* (1.17) 

where the square of the precession angular frequency Q\j.[K) is now aver- 
aged on the whole exciton population. The time Tgi is called longitudinal 
spin relaxation time ; it corresponds to the relaxation between the |-|-1) and 
| — 1) exciton states [i.e circular depolarization time of exciton luminescence). 
MAS have also calculated the transverse spin relaxation time Ts2 which corre- 
sponds to the relaxation time of the coherence between |-|-1) and | — 1) states. 
In the motional narrowing regime, and at low exciton density (see later, 1.6.2), 
Ts2 ~ 2Tsi. The transverse exciton spin relaxation can be measured by record- 
ing the decay time of the exciton linear depolarization in optical alignment 
experiments (see section 1.4.2) [34]. Figure 1.9 presents the calculated exciton 
spin relaxation time T^i as a function of the well width for different values 
of the exciton momentum scattering time r* . The quantum well confinement 
enhances the exchange interaction over its value in bulk, as shown in section 
1.1.2. The long-range exchange interaction is foimd to be the dominant contri- 
bution to the spin-relaxation process, whereas the short-range contribution is 
rendered less important by the need of assistance of the heavy- and light-hole 
coupling in the valence band that is reduced by the sub-band formation in 
lower-dimensional system [4]. 

b) Measurement of the MAS spin relaxation time 

The measurement of the exciton spin relaxation time Texc (or T^i) requires 

a fitting procedure of the experimental data, taking into account the single 
particle spin relaxation time of electrons (Te) and holes (t^,) within the exciton 
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Fig. 1.9. Calculated exciton spin relaxation time {Tsi = Texc) versus well width 

for different values of the momentum scattering time in GaAs/AlGaAs quantum 
wells [4]. The experimental points are from [28] (A) and [9] (□). 



and the direct exciton spin relaxation time (Texc), see the inset in figure 1.4. 
If the experiments arc performed in non-resonant excitation conditions, the 
model must also take into account the bimolecular formation process (see 
1.3.1). 

The rate equations describing the different exciton spin states \M) popu- 
lations Nm, (where M = ±1, ±2) once they have been created, are written, 
in the following equation, as a function of the electron, hole and exciton spin 
transition rates, We = l/2Te, Wh = l/2Th and Wexc = ^/^Texc respectively, 
the latter being driven by the exchange interaction [4, 13, 14] : 



It 



( 



= [W] 



[W] 



Wh 




iVi 

w, 

-{l/Tr + We^c + W^h) 
Wexc 

Wh 



( N2\ 

Wh 

Wexc 

-{1/Tr + Wexc + Weh) 
We 



(1.18) 



where Weh = We + Wh and Tr is the recombination time. The calculated po- 



larization is simply given by Pcai{t) 



The straight lines in figures 



1.10. a and l.lO.b correspond to least square fits of the experimental curves 
of the exciton PL circular polarization dynamics assuming the previous rate 
equations for a Lw = 7nm InGaAs/GaAs QW structure. The depolarization 
dynamics are well described by an exciton spin relaxation {Texc ~ 58ps and 
79ps respectively for the two excitation conditions), and a shorter time {17ps 
and 7ps respectively) which is identified as Th- The fit gives a third time (re) 
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Fig. 1.10. Time evolution of the experimental luminescence circular polarization for 
two excitation energies in a InGaAs/GaAs QW structure : (a) hv = XH + 22meV 
and (b) hu = XH + 92meV , i. e. larger than the light-hole exciton energy. The solid 
line corresponds to the fit with the model presented in the text [13]. 

much longer, greater than Ins : as a matter of fact, the fit is not very sen- 
sitive to this third time. It is impossible to fit the data with only Te and Th- 
a finite; cxcitonic spin relaxation Texc is compulsory to get a good agreement. 
But the excitonic spin relaxation time alone can not explain the polarization 
decay as it leads to a calculated curve which is mono-exponential whereas 
the experimental ones are not. In contrast to what could be expected the 
modeling of the exciton spin depolarization dynamics measured by lumines- 
cence spectroscopy in strictly resonant excitation is not straightforward [9,14]. 
The measured temporal dynamics of resonantly-excited luminescence is de- 
termined by the relax;ation, thermalization and recombination dynamics of 
this initial non- thermal distribution of exciton. Figure 1.11. (a) schematically 
displays the relevant energy diagram in the two particle or exciton represen- 
tation [9]. 

The absorption of photons takes place only within the homogeneous width 
of the exciton. The homogeneous exciton linewidth of high quality MQW 
samples is usually less than kT (even at lOK). As the photoexcited cold 
excitons thermalize, their distribution becomes wider than the initial distri- 
bution so that fewer excitons remain within the homogeneous linewidth of 
the exciton with increasing time. Since only excitons within the homogeneous 
linewidth couple to light as a consequence of the wave vector conservation, 
this leads to a decrease in the luminescence intensity even though the total 
number of excitons has not decreased [14, 35] . This process has thus to be 
taken into account in addition to the spin relaxation mechanisms previously 
described. Vinattieri and co-workers performed a comprehensive investiga- 
tion of the dynamics of resonantly excited excitons in GaAs/AlGaAs QW on 
picosecond time-scales [14]. With systematic multi-parameter fits, they man- 
aged to extract the different relaxation rates, see figure l.ll.b. They found 
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Fig. 1.11. (a) Energy band diagram in a two-particle picture, showing the initial 
created exciton distribution and a thermalized exciton distribution [9]. (b) Radiative 
recombination rate (27o) of the exciton population at K\\ = 0, exciton effective 
scattering rate with phonons {Wk) and exciton spin relaxation time {Wx = l/2Texc)- 
These rates are obtained from fits to the measured exciton polarization PL dynamics 
at T = 12K in GaAs/AlGaAs QW structures [14] 



= 1.5 X 10"'s-\ Wh = 0.7 X 10i°.s-i, and 3 x lO^s-i <We<3x lO^s"! 
for a 15nm GaAs/AlGaAs QW structure. 

Non-degenerate, spectrally, and spin-resolved differential transmission ex- 
periments allow also the determination of the different spin-relaxation times 
within the exciton [36,37]. In these pump-probe experiments, the picosecond 

pump pulse is resonant with the QW excitons formed with -1-3/2 

heavy holes (hh) and —1/2 electrons ; the non-degenerate probe pulse mea- 
sures the absorption at the light hole (Ih) transition. The transmission change 
of this probe pulse as a function of time with polarization a~ is not sensitive to 
the population at the (hh) states with the angular momentum +3/2 but it is 
sensitive to the population of electrons with spins —1/2. In the same way, the 
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Fig. 1.12. Circular photoluminescence polarization dynamics in a modulation p- 

dopcd CdTc/CdMgZnTc QW {Lw = 7.7nm), T = lOK. The neutral exciton X PL 
dynamics is recorded after a resonant excitation of X [noted X{X)], the X~^ PL 
dynamics is recorded after a resonant excitation of X [noted X'^{X)], and the X"*" 
PL dynamics after a resonant excitation of X"*" is also studied [noted X'^{X'^)] [38]. 

a~ probe transmission change at the hh excitonic transition is only sensitive 
to the population of +1/2 electrons and —3/2 holes. The last two bands are 
not initially populated by the pump pulse and, therefore, the population of 
these states results from electron or hole spin-flip processes. Using this exper- 
imental technique, it is possible to extract unambiguously the time constants 
corresponding to the spin relaxation of one of the three types of quasiparticles. 
Ostatnicky et al measured for instance Te = 250ps and t/j = 30ps in a lOnm 
thick GaAs MQW structure [36]. 

The spin dynamics of neutral (X) and positively charged cxcitons (X'^ 
made of a hole singlet and one electron) have been measured and compared 
in modulation p-doped CdTe/CdMgZnTe quantum wells [38]. Thanks to the 
larger binding energy of the charged exciton (X+) in II- VI QWs compared to 
the one in GaAs QWs [39-41], it is possible to study the neutral exciton X 
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PL dynamics after a resonant excitation of X [noted X{X) in the following], 
the X+ PL dynamics after a resonant excitation of X [noted and the 

X+ PL dynamics after a resonant excitation of X+ [noted Figure 
1.12 illustrates the corresponding decay of the PL circular polarization for 
the three configurations. The neutral excitonic polarization [X(X) spectrum] 
decreases with a time constant of 12ps, four times shorter than in typical III- 
V QW's of comparable sizes because of the larger exchange interaction (see 
section 1.1) [14]. As the neural cxcitons X are created resonantly, i.e., with- 
out kinetic energy, this time reflects mainly the excitonic spin-flip time t^xc 
i.e., the simultaneous spin flip of the electron and the hole within the neutral 
exciton [4]. The X~^(X~^) circular polarization decreases with a significantly 
longer time (« 60ps). As the X+ is formed with two heavy holes of oppo- 
site spin (i.e., m/i = -1-3/2 and nih = —3/2 respectively), the electron-hole 
exchange cancels in this charged exciton complex, so that the polarization of 
the charged excitons reflects the spin relaxation of the electron only. The 
polarization decay time of the X+ generated via X states [X~^{X) spectrum] 
is intermediate, with an average time constant w 22ps. This intermediate be- 
havior originates directly from the continuous creation of X"*" by the neutral 
X : the X+ created at short times t < Tgxc result from highly polarized X and 
those retain their polarization for quite a long time (re), while nonpolarized 
X+ are generated at slightly longer delays from excitons that have already 
lost their spin orientation. The fact that the X+(X) exhibits a strong initial 
polarization shows that the creation of X+ via X states does not affect the 
spin orientation. 

c) Electric field dependence of the exciton spin relaxation time 

An electric field applied along the QW growth axis will increase the separation 
between the electron and the hole within the exciton. The reduction of the 
overlap between the electron and the hole wavefunction will yield a decrease 
of the long-range part of the exchange interaction (see section 1.1.2). As a 
result, the exciton spin relaxation rate decreases when the applied electric 
field increases (fig 1.13. a ). The measured variation of Wx = l/2Texc is in 
rather good agreement with the calculated one (fig l.lS.b) [4, 14]. 

d) Magnetic field dependence of the exciton spin relaxation time 

Applying a moderate magnetic fleld along the QW growth direction also in- 
hibits the exchange-driven exciton spin relaxation in GaAs QW because of 
the magnetic field induced Zeeman splitting of the optically active exciton 
states [42]. The magnetic field dependence of the longitudinal exciton spin 
relaxation Tgi writes [4] : 



1 



T* 



(1.19) 



l + (l2oT*)2 
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Fig. 1.13. (a) Measured dependence of the different spin relaxation rates Wx, Wh, 
and We on the applied electric field for a 15nm GaAs/AlGaAs QW, T = 20K [14]. 
(b) Calculated dependence of the exciton-spin relaxation time for various well widths 
[4]. 



where t* is the exciton wave vector relaxation time. The magnetic field depen- 
dence of spin relaxation of heavy-hole exciton has been measured by Harley 
et al. using cw magncto-photolumincsccncc experiments [43]. Figure 1.14 dis- 
plays the spin relaxation rate of exciton (exc), electron (e) and hole (h) de- 
duced from least square fitting of the experimental data (using equations 
(1.18)) for a.Lw ^ 7.3nm GaAs/AlGaAs MQW [13,14]. The strong reduction 
of the exciton spin relaxation with applied magnetic field is clearly observed. 
These results have been confirmed by direct time-resolved measurements of 
the exciton spin dynamics using a dynamical Kerr Rotation experiment [44]. 
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Fig. 1.14. Measured spin relaxation rates of exciton (ex), holes (h) and electrons (e) 
in a longitudinal magnetic field Bz for a Lw = 7.3nm GaAs/AlGaAs QW structure. 
The rates are normalized to the total exciton population decay rate [43]. 

1.4 Exciton exchange energy and g- factor in quantum 
wells 

The exciton exchange energy and g factor are strongly modified compared 
to bulk values because of the confinement of the electron and hole wavefunc- 
tions along the QW growth direction. Both cw and time-resolved optical spec- 
troscopy techniques have been used to measure these parameters in various 
QW structures [43,45-47]. 

1.4.1 Exchange interaction of excitons and g-factor measured with 
cw photoluminescence spectroscopy 

a) Exchange energy 

The value of the short-range exchange interaction in GaAs QW was first de- 
duced from the measurements of the degree of circular polarization versus 
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magnetic field of photoexcited luminescence [48]. The results presented below 
show evidence of exciton level crossings, which have been analysed to give the 
short-range exciton exchange energy, which is about Aq ps ISO/ueV for narrow 
GaAs/AlGaAs QW {Lw < 5nm). The elegant technique used by Blackwood 
et al. relies on the measurement of the degree of circular polarization of the 
luminescence as a function of the applied magnetic field (applied along 
the growth axis), under non-resonant linearly-polarized cw laser excitation. 
Figure 1.15 presents the variation of the circular polarization degrees P as 
a function of for three QW structures with different well widths [48]. 
There is a general monotonic increase of \P\ with applied field, the sign de- 
pending on the direction of the field, with a superimposed peak at a field 
which varies with QW width. This peak is due to magnetic field induced 
exciton level crossing (see fig. 1.16). As the excitation is non-resonant (pho- 
togeneration of electron- hole pairs in the QW continuum), the bimolecular 
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Fig. 1.16. Exciton energy levels as a function of the longitudinal magnetic field 
Bz- E±i and E±2) correspond to the |±1) optically active exciton states and |±2) 
non-optically active states respectively [48]. 



formation process of exciton will yield heavy-hole excitons in each of the four 
spin states ) — |+1 ) , | — 1 ) , |+2 ) , |— 2 )) with equal probability and 
the relative populations of the states under cw excitation will be determined 
by the balance of recombination processes and phonon-assisted relaxation be- 
tween the levels. Thus populations of the two optically allowed levels will tend 
towards the Boltzmann thermal distribution, with the degree of thermaliza- 
tion depending on the relaxation rates between the levels. If these rates vary 
smoothly the population difference of the optically allowed levels will increase 
steadily with applied field. However, the transition rate between a pair of lev- 
els will increase sharply if their energies become equal, because the transition 
can then occur without the intervention of a phonon. This will be reflected in 
an anomaly (presence of a peak) in the population difference of the optically 
allowed levels and therefore in the degree of circular polarization P of the inte- 
grated luminescence. Referring to figure 1.16, there are in general two fields at 
which levels cross. The calculation of the position of these level crossing allows 
one to estimate the zero-field exchange energy Aq. The effective Hamiltonian 
representing the interaction of a Is exciton with a longitudinal magnetic field 
Bz can be written generally, according to (1.6, 1.12), as: 

TT _ tt2D(SR) ^ 

= 2AoSe^zSh,z + ^l{Se,xSh,y + Se,ySh.x) + A2{Se,xSh.x + Se,ySh,y) 

+HBBz{ge,\\Se,z + 9h,\\Sh,z) (1-20) 
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where S^. is the electron spin operator and Sh is an effective spin operator 
representing the two heavy-hole states |±3/2 ) = |t1/2 The parameters 
5e_ll and Qh^w, which are the electron and effective heavy-hole magnetic g- 
factors, and Ai {i = 0,1,2), which represent the short-range electron-hole 
exchange interaction, arc functions of the QW width [49,51] (sec section 1.1.1 
and Appendix I). Note that the expression 1.20 is valid down to C2v symmetry. 

The energies of the four heavy- hole exciton states for applied field parallel 
to Oz are: 

<5S±i = ^T ^Mli?! (5.,|| +9eMr + ^\ (l-21a) 

= -^T ^7M|i3.^(5M-5e,||)^ + ^i (1.21b) 

The levels are plotted in figure 1.16 for the ideal symmetry and for 
Z\i << Aq [48]. The z component of exchange (/\o) causes a zero-field split- 
ting between the optically allowed and nonallowed states and the A\ and 
A2 components cause small additional zero-field splittings. Did has a four- 
fold rotation-refiection axis along the growth direction (Oz) which dictates 
Z\i = 0, so that Ej^x and are degenerate in zero field. If this symmetry is 
broken a zero-field splitting A\ appears (see section 1.5 on type II quantum 
wells) . 

The two fields at which the exciton levels cross are given by : 

and Bf^^^^ (1.22) 

From the measurements of the electron and hole g factors [49,50], it turns 
out that \gh,\\ I > Ifle.ll |- The peaks observed in figure 1.15 is thus associated to 
Bi'^^ (Bi^^ is beyond the range of measurement). The measurement of Bi^^ in 
figure 1.15 thus loads to the value of the exciton exchange energy Aq plotted in 
figure 1.17. The exchange energy increases rapidly as the QW width decreases 
and as the barrier height increases. The values are in satisfactory agreement 
with calculations of the enhancement of the exchange relative to the bulk 
value (~ 10 ± hjieV) due to enhanced electron- hole overlap [48] , as expected 
from section 1.1.1. 

b) Exciton g-factor 

The magnetic g-factor for the heavy- hole exciton in GaAs/AlGaAs QW has 
been determined as a function of well width from the Zeeman splitting of 
the cw luminescence spectra for moderate longitudinal magnetic fields (to 
avoid level crossings presented above) [49]. Figure 1.18(a) shows the mcasiued 
Zeeman splittings up to B^ = 2T for different well widths. The variations as a 
function of the magnetic field are linear within the experimental uncertainties 
and the slopes give the values of = g,, || +gh.\\ which are plotted in figure 

l.lS.b, showing the change of sign for Lw between 7 and llnm. 
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Fig. 1.17. Exciton exchange energy Ao as a function of the well widths in 
GaAs/AlGaAs (•) and GaAs/AlAs (■) QW. The full lines are the calculated val- 
ues [48]. 

1.4.2 Exciton spin Quantum Beats spectroscopy 

Thanks to the development of ultra- fast lasers and sensitive detectors, it has 
been possible to measure in the time domain the interaction of the exciton 

states with the external magnetic field [44-46,52,53]. This leads to mcasm-c- 
ments with a great accuracy of the exciton ^r-factor and exciton exchange 
energy. 

The principle is the following. When two energetically closely spaced tran- 
sitions are excited with a short optical pulse (with a spectral width larger 
than the splitting between the transitions), the two- induced polarizations in 
the medium oscillate with their slightly different frequencies. Their interfer- 
ence manifests itself in a modulation of the net polarization, the so-called 
Quantum Beats (QB) [54]. This allows energy splittings to be determined 
with higher resolution than in the spectral domain, provided that the beats 
period is shorter than their damping. 

a) Exciton spin Quantum Beats in longitudinal magnetic fields 

The exciton spin dynamics in longitudinal magnetic field (applied along the 
QW growth axis, Faraday configuration) has been measured with different ex- 
perimental techniques, including time-resolved pump-probe transmission [52], 
time-resolved Faraday Rotation [44, 53, 55] and time-resolved photolumines- 

ccncc [45]. 

In a longitudinal magnetic field, the optically active exciton states are the 
]-|-l) and ) — 1) states split by the Zeeman energy hf2i\ = gexcl^sBz, where 
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Fig. 1.18. (a) Low-field Zeeman splitting of the XH exciton luminescence lines in 

GaAs/AIGaAs QW at T = 1.87^ (b) Electron (ge = 5e,||), heavy-hole {gu = gh,\\) 
and exciton {gexc = 5ea;c,|i) 5- factors in GaAs/AlGaAs QW [49]. 

9exc = 9e,\\ + .9/i,||- A linearly-polarized optical excitation pulse, resonant with 
the exciton energy, will thus create a coherent superposition of | + and [ — 1) 
states, making the observation of quantum beats as a function of time possi- 
ble. Figure 1.19 shows the transient birefringence from the heavy-hole exciton 
in a 2.75nm GaAs/AlGaAs MQW structure for various longitudinal magnetic 
fields [44]. The pump pulse (linearly-polarized) is resonant with the exciton 
absorption and the probe pulse has a linear polarization tilted by an angle 
of 45° with respect to the pump polarization. In this time-resolved Kerr ro- 
tation experiment, the transient pump-induced birefringence plotted in figure 
1.19 corresponds to the degree of induced elliptization of the probe pulse re- 
flected from the sample. At zero field, there is an exponential decay, which 
corresponds to the coherent decay of the exciton linear polarization ; the cor- 
responding decay time T*2 is given by l/T*2 = 1/T's2 + 1/Trod where Ts2 is the 
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Fig. 1.19. Quantum beats observed in the transient birefringence from the XH 
exciton in a 2.75nm GaAs/AlGaAs QW at T = 1.8K for various apphed longitudinal 
magnetic fields [44]. 

so-called exciton transverse spin relaxation time presented in 1.3.4a and Trad 
is the radiative lifetime [4]. As the magnetic field increases, the QB observed 
in figure 1.19 correspond to the coherent oscillation between the Zeeman-split 
exciton levels (M = ±1) at the pulsation = gexc^'sBz/h. The fit of the 
data in figure 1.19 gives the Zceman splitting from which the exciton g factor 
\9exc\ = l-52±0, 01 is obtained for a Lw = 2.75nm MQW. This measurement 
is much more accurate than the ones performed previously in the spectral 
domain presented in figure 1.18b [49]. 

b) Exciton spin Quantum Beats in transverse magnetic fields 

The spin Hamiltonian of the heavy-hole exciton in a transverse magnetic field 
(applied in the QW plane, B/ /Ox) deduced from 1.1.1 and 1.1.3 can be 
approximated by : 



where fhuj = ge,xfJ'BBx and Aq is the zero-field exciton exchange splitting 
between the optically active states |±1) and the two dark states |±2) (the 
much smaller splitting between the |-|-2) and |— 2) states is neglected, as well 
as Ai ) [1,48]. We assume here that the transverse g'-factor of the jh,z = ±3/2 
heavy hole is zero (Spin QB experiments performed in n-doped GaAs QW 
show that gh,x ~ 0.04 [56], so that gh,x « ge,x = ge,y)- 

The exciton quasi-stationary states \^+) in the transverse magnetic field 
arc two linear combinations E± of optically and inactive states split by the 
energy hf^exc and write [45,47,57] : 



H = fiujS- 



2Ao 



JzSz 



(1.23) 
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|>f+) «Sa;|l) + (;i/2exc-^o)|2) (1.24) 
l-Z^-) « -(?ir?exc-^o)|l)+?iw|2) (1.25) 



where hOexc = \/Z\o + [fujoY, and w = 5e,B/fi- A ((7+)-polarized pulsed exci- 
tation resonant with the exciton energy wiU thus create a coherent superposi- 
tion of and \^-) states. Ignoring any spin relaxation processes (as well as 
recombination), the right (7+) and left (7~) circularly-polarized luminescence 
components are proportional to |(±l|!Z'(f))|^ : 



r{t)=Q (1.27) 

As a consequence, we expect to observe, in time-resolved photoluminescence, 
oscillations of the polarized emission I^{t) which should occur with a pul- 
sation /?exc) the pulsation should not depend linearly on the applied 
transverse field. The co-polarized Imninescence intensity /+, modulated at 
the pulsation fiexc has an amplitude reduced by a factor {ixi/flexcf^ while 
the counter-polarized component is unmodulated in this simplified approach. 
These exciton-like spin QB were indeed observed in narrow MQW samples. 
Figure 1.20.b presents the luminescence intensity dynamics co-polarized (/+) 
and counter-polarized (7~) with the resonant (cr+)-polarized pisosecond laser 
in a Lw = inm MQW GaAs/AlGaAs sample. Quantum Beats are observed 
only at strong magnetic field values ; they appear as a weak amplitude mod- 
ulation on the 7+ component but are not observable on I~ [17,59]. If the 
excitation energy is higher than the QW band gap {Ei — HHi), all the MQW 
samples exhibit QB on 7+ and I~ with an oscillation frequency proportional 
to the magnetic field, see fig. 1.20a [60,61]. Oscillations on 7+ and 7~ are 
phase shifted by tt. These oscillations are attributed to the Larmor precession 
of the free electron with pulsation iv. This yields the accurate measurement 
of ge,x = 0.50 ± 0.01 in figure 1.20.a. When the laser excitation is resonant, 
we see clearly in figure 1.20.C that the beat period is very different than in 
the non resonant case. It is attributed to the exciton QB and can be used 
to measure the exciton exchange energy Aq = hy/O^^^ — lo'^; Aq = 130 ± 15 
fieV and Aq = 105 ± 10 /icV are measured in a Lw = 3nm and Lw = 4.8nm 
GaAs/AlGaAs MQW structure respectively [45]. 

The following question arises now: why in most of the experiments per- 
formed in transverse magnetic fields do the authors observe electron QB 
(with a pulsation lu — gc^±^iBB /h) and not the exciton QB (with a pulsa- 
tion fiexc = f>'~^\/^Q + i^Y) though the recorded signal corresponds to 
exciton transitions [53,60]. This enigma has been explained by D'Yakonov eA, 
al. [46]. It turns out that the observation of QBs on the excitonic luminescence 
at the electronic or excitonic pulsation (w or Qexc respectively) is related to 
the stabihty of the hole-spin orientation within the exc;iton. The argument is 
the following. Within the exciton, the correlation between electron and hole 
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Fig. 1.20. Luminescence intensity dynamics after (t"*" polarized excitation in a Luj = 
3nm GaAs MQW, at T=1.7 K. (a) The excitation energy is non-resonant {Ei — 
HHi < hf < XL,XL is the light-hole exciton energy) and B = 3T (inset, B = OT), 
(b) The excitation energy is resonant with XH and B = 3T (inset, B = OT). (c) 
The oscillations of the luminescence intensity component in resonant excitation 
(dashed line) and of the luminescence polarization PL in non-resonant excitation 
E\ — HHi < hv < XL (full line), under the same magnetic field B — 3T. For 
the sake of clarity, the monotonous component hcis been subtracted from 7+. Inset: 
well- width dependence of the exciton exchange energy So, from this experiment (dots 
with error bars) and theory [45,48] (full line). 

spins is held by the electron-hole exchange interaction. However, if this cor- 
relation is not strong enough to reduce the single-particle hole spin flip at a 
rate lower than Aq / h, the exchange interaction splitting Aq no longer plays a 
role in the QB. Then the QB appears at the pulsation iv. Finally an electron 
bound into an exciton precesses like a free electron in the transverse magnetic 
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field provided tliat th « h/Ao where Th is the single-particle hole spin- flip 
time. This condition can be fulfilled in large and narrow QW's but for dif- 
ferent reasons. In large QWs (a fortiori in bulk material) such a hole spin 
flip occurs as a consequence of the mixing of states in the valence band due 
to spin-orbit interaction and small exchange interaction; the observation of 
the electron precession in a QW of 25nm well width under the resonant or 
non-resonant excitation conditions reported initially by Heberleei al. is un- 
derstood on this gromid [60]. In narrow QWs the hole spin flip, which results 
in the observation of QB's at the pulsation w in non-resonant excitation, is 
related to the formation-dissociation process of excitons and the related long 
cooling of the excited system [21,22]. QBs of the excitonic kind have been 
observed only in narrow quantum wells {Lw < lOnm) under resonant excita- 
tion. This indicates again that the hole-spin orientation is rather stable in cold 
two-dimensional excitons (t/i > h/ Aq), sec section 1.3.2. We give in Appendix 
II a simple explanation of exciton splitting in transverse magnetic field with 
unstable hole spin in terms of exchange coupling strength between the elec- 
tron and the hole spins. A model based on a density matrix approach has been 
developped in ref. [46], which can reproduce the characteristic experimental 
features described above. 



1.5 Exciton spin dynamics in type II QWs 

In the previous sections, we discussed the exciton spin properties in the so- 
called type I quantum well structures, i.e. where the conduction electron and 
the valence holes are confined in the same material and the same region in 
space. In GaAs/AlGaAs QWs depending on the well width and Al percentage 
it turns out that two types of lowest energy transitions are possible. For low 
Al content the conduction band - confined states in the well has the lowest 
energy (type I quantum well). For large Al content and small well width, the 
lowest conduction band - confined state in the well has a higher energy than 
the lowest X-confined state in the barrier [62]. As the holes are still confined 
in the GaAs well, the recombination takes therefore place between the hole in 
the well and the electrons in the barrier (type II quantum well). This accounts 
for the long exciton PL lifetime, of the order of a few microseconds [8] . 

The spin dynamics in these type II quantum well systems has been exten- 
sively studied by optical orientation experiments in stationary or time-resolved 
regime [1,51,57,58,63]. Because of the very small overlap between the elec- 
tron and hole wavefunction, the spin relaxation mechanism induced by the 
exchange interaction between the electron and the hole does not play a sig- 
nificant role in contrast to type I QWs (see sections 1.1.2. 1.3.4). However the 
strong localization of the carrier wavefunction at the QW interface will (i) 
modify drastically the exciton fine structure and (ii) yield very long electron 
spin relaxation times (« a few tens of ns) compared to type I QWs [64] . It has 
been shown that the symmetry of the system is reduced form D2d to C2v and 
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Fig. 1.21. Type II GaAs/AlAs 2.2/1.15 nm superlattice; T = 4.2K. Degree of PL 
linear polarization p[i.()_o] as a function of time. The excitation picosecond laser pulse 
is linearly-polarized along the [1,0,0] axis. The intensities /// and I± are detected 
with polarization parallel and perpendicular to the excitation respectively [58] . 



the two optically active exciton eigenstates are linearly-polarized, split by an 
energy of a few fieV and aligned along the X' = [1,1,0] and Y' = [1,-1,0] 
crystal directions [51,58,63]. The symmetry reduction in these type II GaAs 
superlattices was first explained by the presence of a random local deforma- 
tion (due to the presence of bonds of different nature (Al-As or Ga-As) on 
each side of the interface taken as an As plane) which mixes the heavy and 
light hole states [58]. It was then shown that the splitting, called anisotropic 
exchange splitting, arises from intrinsic effect: the mixing of heavy- and light- 
hole states at the interface due to the low (C2u) symmetry of the interface. 
Since the splitting of the X' and Y' cxcitonic sublcvcls (which is much smaller 
than UbT), is much smaller than the laser spectral width, the two sublevels 
can be coherently excited at time t = by a short pulse polarized along one of 
the [1, 0, 0] axes {i.e.. 45° angle with respect to the exciton eigenstates orienta- 
tions) [63]. As a consequence, the time-resolved luminescence signal, detected 
with polarization either parallel or perpendicular to the excitation, decays and 
oscillates with a period T inversely proportional to the splitting Ai between 
the two sublevels {T = h/Ai, see section 1.1.1). The time dependence of the 
photoluminescence linear polarization is shown in figure 1.21 for a 2.2/1.5nm 
type II GaAs/AlAs superlattice [58]. The period T is about 640p.s, which cor- 
responds to an energy splitting of « G.SneV. The application of a transverse 



1 Exciton Spin Dynamics in Semiconductor Quantum Wells 



35 



magnetic field leads to a complex oscillation pattern with several frequencies, 

since, besides the coupling between | + and |+2) and | — 1) and |— 2) exciton 
states induced by the external magnetic field, the anisotropic exchange also 
couples the |+1) and | — 1) states [57]. 

1.6 Spin dynamics in dense excitonic systems 

When the areal exciton density becomes non negligible with respect to the 

critical density defined by ric = [^327r (a|°)^j (where = is the two 

dimensional Bohr radius) , the exciton mutual interactions start to modify sig- 
nificantly the single exciton picture we used up to now. The above mentioned 
critical density ric corresponds to the one where the exciton binding energy is 
zero, due to phase space filling and screening of the Coulomb interaction. If the 
areal exciton density n^x approaches ric {^ex ^ f^c)-, the exciton energies Ek 
must be corrected by a complex self energy term, which real part corresponds 
to the energy shift and the imaginary part to the broadening of the single 
exciton states due to the mutual Coulomb interactions [65]. We will show in 
the two following sections the experimental manifestations of these two com- 
plementary aspects in the case of two-dimensional structures, namely the spin 
dependent exciton energy shift and the spin dependent exciton-exciton col- 
lisions at high exciton densities, as revealed in elliptically polarized exciton 
populations. In the case of excitation by elliptical light, excitons are created 
in the elliptical states: 

\Ee) = sin [9 + 7r/4) |4^1) + cos {9 + ir/A) (1.28) 

so that hnear excitons are given by \X) = \Eo) and i \Y) = \E^/2)- Excitons 
= l-E'^/4) and j — 1) = |£'_^/4) , excited by (T+ or a~ light respectively, 
are called circular excitons. The circular polarisation of the state \Eo) is simply 
Pc{0) = sin{29), while the linear one is Pc{9) = cos{20). We are interested here 
to describe experiences performed at low temperature and under resonant (or 
quasi-resonant) excitation with the heavy-hole excitons. The latter arc thus 
created in the Is state with very small, or even zero wave vector, i.e. with very 
small kinetic energy. As a consequence, the scattering probability to 2s, or 2p 
states, which arc close to the QW gap in 2D systems (sec Appendix I), is low. 
We restrain thus to the Heavy-Hole exciton subspace, and choose the basis 
BxH = {| ±2), I ±1)}. The general form of exciton-exciton interaction is 
recalled in Appendix III. The final result is that the interaction Hamiltonian 
can be approximated for an exciton pair (z,j), in a cold exciton population 
with low density, as: 

iJ-,,(K, K', Q) « ^ (af.a^^ + erf .a^^ + 2) (1.29) 

where : crj]^) = ( '^ej,),^, '^Sk^ ^ represent PauH matrices vector op- 

erators for electron spins and heavy- hole effective spins, and A is the QW 



36 



Thierry Amand and Xavier Marie 



quantization area. This expression results from the fact that the electron- 
electron or the hole-hole exchange dominate over direct Coulomb interaction 
as well as exciton exchange as a whole, provided that the initial wave vector 
K and K' of the excitons which interact are small with respect to (a^^)~^ 
(sec Appendix III). In such conditions, it neither depends on K, K', nor on 
the wavevector Q transferred during the collision. 

1.6.1 Exciton spin-dependent renormalization 

First evidence of exciton state renormalisation at high density were obtained 
by D. Hulin et a/., who observed, in femtosecond pump-probe experiments 
performed on GaAs/AlGaAs multiquantum well structures under linearly po- 
larized pump, a transient blue-shift of the exciton absorption line [66,67]. The 
latter was shown to be tied to the reduced dimensionality of excitons, being 
well apparent in GaAs wells of thickness of the order of 5 nm, but disappear- 
ing rapidly for larger well sizes. The authors interpreted this effect in terms of 
a strong reduction of long-range many-body interactions in a 2D system, in 
agreement with the theory of Schmitt-Rink et al. [68]. It is well documented 
that in 3D systems, the exciton absolute energy remains unchanged, even at 
high densities [69]. This energy constancy is attributed to the almost exact 
compensation between two many-body effects acting in opposite directions: 
an inter-particle attraction which, for bound electron- hole pairs at T w 0, is 
similar to a van der Waals interaction, and a repulsive contribution having its 
origin in the Pauli exclusion principle acting on the Fermi particles (electron 
and holes) forming the excitons. The argument of Schmitt-Rink et al. is that 
the long-range attractive component is strongly reduced in a 2D system, so 
that the short-range repulsive part becomes now unbalanced. 

Using now circularly polarized excitation in time resolved polarised lumi- 
nescence, it has been shown that this blue shift was spin dependent, and that 
in a dense and circularly polarized exciton gas, a splitting occurs between 
the line co-polarised with the excitation, and the counter-polarised one, the 
former experiencing a blue shift, while the latter is red shifted [18,29,70]. We 
show here on figure 1.22 the result of an experiment performed under resonant 
excitation on a high quality GaAs/AlGaAs multi quantum well structure (i.e. 
with Stokes shift less than 0.1 meV and cw PL line width F « 0.9meV at 
T PS 1.7 K). Two-colour time resolved up-conversion photoluminescence spec- 
troscopy was used to perform such experiments, the excitation laser pulse 
duration being St w 1.5p.s, so that only the Is heavy-hole exciton state is 
excited [71]. Just after a (t+ circularly polarized excitation resonant with the 
XH exciton {Pe ~ 1, hvE = XH), the strongly polarized emission {Pl « 0.9) 
displays a splitting between the co-polarised emission line /+ and the counter 
polarized one I~ . 

In addition, the 7+ emission is strongly blue shifted, while the I~ is slightly 

red shifted. When increasing the excitation power, the energetic positions first 
vary linearly. A saturation then occurs at Pgat ~ 3mW, when the /+ line shifts 
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Fig. 1.22. Spectra of the exciton luminescence components co-polarized (/"'') and 
counter-polarized (7~) with the circularly polarized excitation (Pb « 1) at time 
delay t = 4ps. (a) the excitation energy is set to hvE = XH. The average excitation 
power P is PO = 6rnW. (b) hu = XH and P = 6Po (c) = XH + 3meV and 
P = 6Po. (d) Splitting energy between the two luminescence components and 
/- as a function of P : (•) hv = XH ; (□) hv = XH + imeV [71]. 



to energies higher than the XH energy by the laser line width (5e ~ 2meV). 
The absorption then drops, due to energy mismatch between the laser and the 
renormalized XH exciton energy. This situation corresponds to the exciton 
density Usat estimated at Usat ^ 2 x 10^*^ cm~^. The splitting amounts then 
to about SE+i ss 1.9meV. For P > Psat, a self regulation effect appears for 
the exciton density. When the excitation energy is increased at XH + SmeV, 
the saturation effect occurs at higher excitation power. The blue shift can 
become a significant fraction of the Is exciton binding energy, here estimated 
at Eb ~ 8meV. The saturation exciton density is below the critical density ric, 
here estimated to about 3 x lO^^cm^^. A good phenomenological description 
of the line positions in the linear density regime {uex << ric) can be obtained 
for a cold exciton gas, according to [70] : 

6E±i = Kin±i + ^Ki{n+2 + n_2) - K2nex (1.30a) 

AE = E+i - E_i = Ki (n+i - n_i) (1.30b) 

where the hm are the exciton population densities corresponding to the \M) 

states (riM = Nm/A), n,,x is the total exciton density, and Ki and K2 are 
positive constants. The first one, Ki, represents the strength of the repulsive 
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part of the interaction between J = 1 excitons of the same angular momentum 
projection M, which takes its origin in the Pauh repulsion principle. Since the 
I + 1) exciton shares its electron spin states with the |— 2) exciton, but not its 
hole state, the contribution to the exchange energy shift of |+1) excitons by 
the |— 2) excitons is taken as {Ki/2)n^2- A similar reason holds for the contri- 
bution of n+2 excitons to SE+i. The constant K2, also positive, represents the 
weak attractive part of the interaction between excitons; for the sake of sim- 
plicity, it is assumed spin independent [68,72]. The experimental values of Ki 
and K2 can be determined from the initial splitting AE and energy shift E-i 
just after the resonant excitation by <7+ light, so that timCO) = nex{0)SM,+i- 
It is found that 10""'^'' < Ki < 1.6 x 10^ ^'^ meV crri^ , depending on the quan- 
tum well, and K^/Kx ~ 0.15 typically. From the theoretical calculation of 
Schmitt-Rink et al. for a non-polarized exciton gas [68], we can infer that : 
ifi w 2 X 3.867r {a%^)'^ Elf w 4 x 6.06^^^^. Considering now as a vari- 
ational parameter a,;// , which is a good approximation for narrow QWs with 
marked 2D character [73], (note: the relation Esaeff = e^/(2eo) interpolates 
correctly between the 2D and the 3D case), the theoretical estimation of Ki 
is in reasonable agreement with the experimental values. 

1.6.2 Exciton spin dynamics under elliptical optical pumping: 
exchange assisted tremsfer between dark and bright states 

Besides its contribution to renormalisation, the exchange interaction between 
excitons at high density is at the origin of specific exciton spin relaxation 
processes. This is first apparent in the emission line broadening, where a 
strong asymmetry is observed (cf. figure 1.22). The luminescence component 
co-polarized with the laser excitation (J^) is narrowc;r than the counter po- 
larized one (/~), although n+i >> n_i. The n_i population arises from the 
small fraction of excitons which have lost their initial polarization at t = 4ps, 
the circular polarization of the emission being = 0.9. The new spin relax- 
ation processes appearing at high density are illustrated in the figure 1.23, 
which shows time resolved photoluminescence results performed on a 60 peri- 
ods AlQ ^Gao,TAs multi-quantum well structure grown on a [1,0,0] substrate, 
excited resonantly with the XH exciton, and presenting a Stokes shift between 
the absorption and the emission of 6 meV. 

The salient features of dense and elliptically polarized exciton gas are : (i) 
fast decay of the total emission intensity, followed by a much slower one. The 
fast component disappears in the low-excitation regime and in the limiting 
case of pure circular polarization at any density, {ii) fast decay of the circular 
polarization of the emission, which is correlated to the intensity decay, and 



^ the theoretical value of Ki can also be found from a description of the exci- 
ton gas in term of interacting quasi-bosons. The exchange shift constant is then 
approximated to i^i w 4 x [74] 
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Fig. 1.23. Normalized total luminescence intensity under elliptical excitation with 
circular polarization Pe = 0.5, at (a): n(0) ~ 2 x 10^° and 7 x 10^°cm"^; (b): with 
n(0) ranging from 7x l{fcm~^ to 5x lO^^cm^^. (c) Normalized total luminescence in- 
tensity at n(0) ~ 5x 10^" cm~^ with Pe ranging from 0.32 to 0.97. (d): Luminescence 
intensities I^{t) and I~{t), and circular polarization Phit) at n(0) ~ 5 x lO^^cm"'^ 
andPe = 0.35; (e): time evolution of ^^(t) at n(0) = 7x 10^ cm"^ and 5x 10^°cm"^; 
(f) PlU) at n(0) ~ 5 X 10^°cm-^ for Pe ranging from 0.35 to 0.97 [75]. 



which disappears also at low density or when a pure circular exeiton pop- 
ulation is generated. The initial decay time of the PL circular polarization 
decreases, when the ellipticity is increased, down to values much shorter than 
the low density exciton longitudinal spin relaxation time Tsi. For a pure cir- 
cular exciton population, the circular polarization dynamics does not depend 
on the exciton density. All these characteristics have also been observed in 
samples without Stokes shift [71]. 

The detailed interpretation has been given in ref. [75]. In a dense gas of el- 
liptical excitons, the exchange interaction between excitons becomes stronger 
than the internal electron- hole exchange within single excitons, and destroys 
the intra-exciton spin coherence. The equations showing the action of the ex- 
change hamiltonian Hgxch in elliptical and circular cases, as deduced from 



40 



Thierry Amand and Xavier Marie 



equation (1.29), are: 



He.ch 1+1) 1+1) = ^ 1+1) 1+1) (1.31a) 



H\Ee)\Ee) = ^ 



1±|!^|+1)|+1) + 1^|!^|_1)|_1) 
+ ^(1+2) 1-2) + 1-2) 1+2)) 



(1.31b) 



These equations show that a pure circularly polarized excitonic phase {6 = 

±7r/4) is perfectly stable, to first order with respect to riex {c-^) ^ stated in 
ref. [72] , while an elliptically polarized becomes more and more unstable when 
the ellipticity increases. The transfer rate T]^2 between elliptical excitons and 
dark excitons is proportional to r-fg Kinecos'^ {20) , where ki is a constant, so 
it is maximum for linear excitons. The constant ki can be evaluated with first 
order perturbation theory be of order ki » Jn-^^i^x^ ^ 350cm^s~^, where 
is the XH exciton density of state. Typical values for ki are obtained 
from fits to the experiments, and range from 20cm^s^^ in samples presenting 
exciton localization, to 250cm?s~^ in homogeneous samples where localiza- 
tion is weak [71,75]. The initial collision phase leads to a decrease of the total 
emission intensity, at a rate the more efficient as the ellipticity is increased as 
seen on 1.23 (a-c). This decay stops when an equilibrium between J = 1 and 
J = 2 excitons is achieved, i.e. when their populations become comparable. 
However, as the J = 1 and J = 2 excitons are nearly degenerated (the condi- 
tion Aq « r is fulfilled, where F is the exciton collision broadening, since F 
is of the order of 1 meV [35,76]), we have to consider the reverse process due 
to the action of Hexch on the produced J = 2 states, as well as interaction 
between \Ee) and J = 2 excitons. More specifically we can write, using the 
(1.29) hamiltonian: 



/ |+2) 1-2) + 1-2) |+2) \ _ K, 1+1) 1-1) + 1-1) 1+1) 
^"'^^ V V2 J~ A V2 



(1.32a) 



f \Eg)\±2) + \±2)\Eg) \ K, \Eo)\±^ + \±^\Eg) 

H^xcn ^ ^ ) = ^ ^ (1.32b) 

The second equation 1.32b shows that the secondary interactions of the J = 2 
states generated by exchange with \Eg ) states does not change their polar- 
ization. However, the scattering of J = 2 states as shown in equation (1.32a) 
leads to the formation of exciton pairs made of |+1) and | — 1) states, which are 
not coherent with the initial \E0 ) states. As the emission probabilities of 
and of a~ photons by these exciton pairs are identical, whether they dissociate 
or go into a bound state, the circular polarization degree of the whole optically 
active exciton population decays, which explains the observed results for an 
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initial elliptical population (see fig. 1.23 (d-f)). Clearly, this process cannot 
occur for strictly circular excitons. This mechanism can also be enhanced in 
real quantum wells by additional exchange coupling term between |+1 ) and 
| — 1 ) states, which arises due to coupling between heavy- hole and light-hole 
states (this coupling is strictly zero in pure two dimensional systems) [72]. 

Finally, creating an incoherent population mixing of |+1 ) and | — 1 ) states 
leads to the re-polarization of the optically active excitons, due to the action 
of the exchange Hamiltonian. This can be derived from the equation similar 
to (1.32a) with the permutation of M = ±2 states by M = ±1, which is 
also valid. This leads to the simultaneous destruction of the same number of 
1+1 ) and | — 1 ) states, while keeping iV+i — A^-i constant, so that the circular 
polarization of the optically active J = 1 states increases [71, 75]. 

To conclude this section, let us mention that experiments of spin dynamics 
in the context of strong coupling of excitons with the electromagnetic field 
in semiconductor microcavities have been also performed and analyzed. The 
quasi-particle resulting from this coupling is called 2D excitonic-polariton, 
which is the 2D analog of Hopfield 3D polaritons [77] . The exciton-polaritons 
present a more marked bosonic character than bare excitons, due to their 
photon component. Specific aspects of 2D polaritons spin dynamics which rely 
on their exchange driven spin dependent scattering, such as spin dependent 
blue shift or parametric conversion of |X) to |y) linearly polarized states can 
be found e.g. in ref. [78-83]. Finally, let us mention that optical Spin-Hall 
effect has been recently observed in such microcavities [84]. 
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Appendix I : Excitons in quantum wells 

We will limit ourselves in the following to the description of excitons in type 
I and type II quantum wells, and the subsequent selection rules for optical 
pumping. 

I.l Excitons states in type I quantum wells 

In such quantum wells, the electron and the holes are confined in the same 
layer. The electron- hole wave function, in the envelope function approach, can 
be expressed in the basis: 



(1.1) 
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where Ms(re) and m„i^ (r/J are the bulk material electron and hole Bloch func- 
tions at the Brillouin zone center fc = 0, taken as identical in the QW and in 
the barrier for simplicity [73], s = ±1/2 and = ±1/2, ±3/2; -Fs,mfe ('"ei 
is the exciton envelope function. In a bulk semiconductor of symmetry T^, 
such as most III-V semiconductors (GaAs, InAs, InP ), the functions Ua{re) 
transform like a spin by the symmetry operations of the crystal, so they be- 
long to the Fq representation in Roster's notations [5], while the {'''h), due 
to spin-orbit interaction, belong to Is representation. The envelope function 
Fs,mh'^s{i'e)umh{''''h) is then the solution of Schrodinger type equations, which 
take into account the coupling, at A; = 0, between the different hole-bands, the 
confinement potentials of the structure, and the direct Coulomb interaction 
between the electron and the hole. A reasonable approximation to the enve- 
lope Wannier equation for an interacting electron-hole pair in the structure 
at the position (re,r/j) can be formulated as follows [73,85]: 

ni^x = ^ + Ve{Ze) + :^+V,{z,) + ^ + ^ ^ (1.2) 

2me ^'^jh,\\ 2me 2mjh,± eb\re-rh\ 

This formulation means that the heavy-hole {j = h,mh = ±3/2) and the 
light-hole (j = l,mh = ±1/2) excitons are not coupled, which is realis- 
tic for QW with a marked 2D character, i.e. when the exciton binding en- 
ergy Eg is smaller than the heavy/light hole splitting The fimctions 
Ve{z) and Vh{z) represent the confinement potential for the electrons and 
the holes respectively, which are added to the usual Coulomb attraction term 
V{re — Th) = — g^ \ rl-rh \ ~ 9^/(47reo)]. The holes masses take into account 
the anisotropy between the growth axis (Oz), chosen as the quantization di- 
rection, and the QW plane (Oxy). The electron conduction effective mass nie 
is isotropic. The hole masses (mo being the free electron mass) are given by: 

Heavy — holes {j ~ h) : 

= J_ (^^ _ 272) ; = J- (71 + 72) (I.3a) 

mhh,\\ mo ^ ' mhh,± mo ^ ''''' ^ ' 



Light — holes {j = l) ■ 

= — (71 + 272) ; = — (71 - 72) (I.3b) 

where the Fi are the Luttinger parameters assumed to be identical in the 
two materials for simplicity. Suitable boundary conditions expressing the con- 
tinuity of the probability density and the current density should be added to 
equation 1.2 [1]. The Hamiltonian in (1.2) is then rewritten in the form: 

'^ix = We + Hjh + Hg + WreJ 

= (i + ^e(-e)) ± (4^ ± V,{z,)^ ± 4tT + (4z - iTk!^) (1-4) 
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where: Mjh,j_ =m^ + mjh,±, IJ-jh,j_ = + m^.^^^L ' "^eih) = ire{h),±, Ze{h)) 
and: R± = {■mer,.,± + mjh,±rh^±) /Mjh,±, P± = Pe,± + Ph.±, r± = re.± - 
rj,_L.The background dielectric constant Cb is approximated as identical in the 
two materials for the sake of simplicity. 

As, in the case of pscudomorphic growth, the system has the translational 
invariance in the plane of the quantum well, the center of mass motion is still 
separable. It is then convenient to look for a solution of the type: 

Fj{re,rh) = -^e''^^-''^Xeize)Xjh{zh)Gj {r^,z,,Zh) (1.5) 

where A is the QW area, K±_ = P±/fi, Xe{ze) and Xjh{zh) are respec- 
tively the single electron and hole envelope functions, which satisfy the one 
dimensional equations: TieXe{z) = {Ec^i,^ - Ecfi) Xeiz) and TijhXjhiz) = 
{Ej^vh ~ Ev,o) Xjh{z) with respective eigen-energies Ec,v^a,nd Ej^^^^, Ecfl and 
E^ Q referring to the conduction and valence bands energies in fc = cxtrcma 
of the host bulk material. The envelope function G is then the solution of the 
equation: 

{He + Hjh + Urel) Gj{r±, Ze, Zh) 

= {e- ^ - I - | - G,- (r^, z,, zh) (1.6) 

where Eg is the QW material gap. The above equation is then solved us- 
ing a variational method. In type I quantum wells, taking Gj{r^,Zc,Zh) = 
Cj [l + aj{ze - ZhYe~'^i'^] with r = \Jr']_ + (zg - ZhY , aj,rij being varia- 
tional parameters and Cj a normalization constant, Greene et al. [85] obtained 
the heavy and light hole binding energies as a function of the well width as dis- 
played on fig. AI.l, in GaAs / Al^Gai-xAs QW structures for moles fractions 
X = 0.15 and 0.3. Clearly, the binding energy first increases when the well 
width decreases before reaching a maximum. In the finite well, the heavy and 
light holes curves cross, due to the hole mass reversal effect : as seen in equa- 
tions 1.3, the "heavy- holes" are lighter than the "light-holes" in the directions 
perpendicular to the quantization axis (Oz), i.e. in the QW plane (xOy). In 
narrow QWs of type I, it is possible to make the following approximation for 
the Coulomb potential: , , « — - — [e^ = q'^/(4neo)]- In that 

case, it is possible to separate completely the relative movement in the QW 
plane and along Oz. Then, Gj{r±,Ze, Zh) is the solution of the 2D equation: 

f ^ - ^) = EniMr±) {1.7) 

which have analytical solutions labelled (n, X) [1,86]. The corresponding eigen- 
energies are : En^i = E^ / {n — 1/2)^, with n = 1, 2, and the angular momen- 
tum / = 0, 1, |Z| <n — 1. For instance, for the ground exciton state (1, 0) = Is, 
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400 



Fig. I.l. Variation of the binding energy of the ground state Eis of the heavy- 
hole exciton (sohd lines) and the light-hole exciton (dashed lines) as a function of 

the GaAs/AlGaAs QW thickness (Lw) for aluminium concentration x = 0.15 and 
X = 0.3 and finite confinement barriers. The case of infinite barriers is also shown 
for comparison [85]. 



we have: (^i^f = ^^2d c- , with: = a|^/4, the 2D Bohr radius {i.e. 

the one which maximizes the probability to find an electron at a distance r± 
from the hole; using this definition, the equation EbUb = e^/(2eo) is valid 
both in 2D and 3D cases). In narrow type I quantum well, the 2D function 
(l)j^ni can be taken as a trial function of the equation 1.6, which is a reasonable 
approximation in the case of strong 2D confinement [26]. Turning back to the 
full electron-hole wave function, it can finally be written as: 

giffj..Hi 

^s,mAre,rh) = Xc,uA^e)Xj,,^Hi^h)—^J=—(l>]^lir±)Us{re)UrnArh) (1-8) 

The function basis represented by equation 1.8 is the usual starting point 
for estimating the different contribution of electron-hole exchange within the 
exciton. 
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1.2 Exciton states in type II quantum well structures 



Different variational approaches have been used to describe such systems. 
For a GaAs slab of thickness Lyy embedded in AlAs for instance, if Lw is 
sufficiently small, the electron is located in the AlAs layer while the hole is 
still confined in the the GaAs one. In the case where Lw is still thicker enough 
to neglect tunnelling of the electron from the z > Lwf^ to the z < Lwf^ 
regions, the exciton wave function will have its maximum close to the interface 
between the two materials. Taking the exciton located nearby z « and 
in the infinite barrier approximation, one can use for instance the variational 
function [1]: 

Fh{re,rh) = -^e''^^-''^Cf{ze)g{zh)xh,ii^h)Gh{r^,Ze,Zh) (1.9) 

where: f{z) = {z - Lw/2)e-^^'''-^«'/^'^Y{z - Lw/2), {Y{z) is the Heaviside 
step function), g{z) = e-0h(Lw /2-z) ^ 

Gh(r±, Ze, Zh) = —r^ — [r"^. la?. + (zg — zyS^ I a? ) , and C is a suitable 

normalization constant. The four variational parameters a\\,a_i_,l3e,l3h deter- 
mine the exciton binding energy. It can be shown that the binding energy 
is significantly reduced with respect to the bulk GaAs one, despite the pro- 
nounced size quantization of the hole in the GaAs slab. 



1.3 Optical pumping of exciton: selection rules 



The optical selection rules play a crucial part in the optical orientation ex- 
periments of excitons. The creation probability amplitude of an exciton in a 
state \a) = \s,mh;i'e,'^h,K±,j,n,l) by light polarized along the unit vector 
e is determined, in dipolar approximation {K± « n/Lw) by the matrix 
element: 



e.r«,0 ^ e. {a \f\ 0) « e. (</.^f?(r = 0)) (^e | '^h) (s 



fK 



rrih 



(1.10) 



where |0) is the crystal fundamental state (without excitons), and K is the 
time reversal operator, which transforms hole states into electron valence band 
states. The exciton oscillator strength f^xj for an optical mode of wavevector 
q = {q±, Qz) is then proportional to: 

t2 2 

/e.,, (x5,c.,<,,-2T;2 IKk/.)nC;(0)|' e.(s|pK|m^) (I.ll) 

TUQ^Jg 



where we have used the identity: p = irriQ^f. The selection rules follow: (i) 

due to in plane translational invariancc, the exciton wave vector Ki^ must be 
the same as the projection qj_ of the photon wave vector on the QW plane. 
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(m) The QW conduction and valence states Vf. and Vh must have the same 
parity, and [iii) only "ns" 2D cxciton states with I — are optically active, 
since the orbital angular momentum of K |m/i] state is L = 1 and s states 
have L = 0. {iv) The matrix elements e. lys\'pK \mh) are the same as in the 
bulk material (cf intro M. Dyakonov). They express the conservation of the 
photon angular momentum when creating an exciton. Finally, it is clear from 
(1. 11) that the exciton oscillator strength is much lower in a type II QW than 
in type I, since the overlap between electron and hole is strongly reduced in 
the former with respect to the latter. 

Appendix II: Exciton fine structure in transverse 
magnetic field and hole spin relaxation 

The observation of exciton spin or electron spin quantum beats in transient lu- 
minescence experiments can be easily explained in terms of the strength of the 
exchange coupling between the electron and the hole spins within the exciton. 
Choosing now the quantization axis along the transverse magnetic field B^e^, 
we obtain new electron-hole pair basis states, namely |±3/2 )^|±l/2 )^, 
where: |±l/2 )^ = (|+l/2 ) ± hl/2 )) , and |±3/2 )^ = (|+3/2 ) ± |-3/2)) 
(in case of strong confinement, the light-hole components of the heavy- hole 
states can be neglected). Neglecting the hole transverse g- factor (g w 0), these 
states are eigenstates of 7Yb,_l ~ i^Sx', they are all optically active in e.g. (t+ 
polarization. The matrix of the 1.23 hamiltonian then becomes, in the basis 
{|3/2 1-1/2 , 1-3/2 |l/2 , |3/2 |l/2 , |-3/2 |-l/2 ) J: 

'-^-i72 

-4^ 

-4*1 

-4^ -^-i-f2 

where we have added the complex energy terms 7j = h/Thj{j = 1,2). These 
terms correspond to the broadening of electron-hole spin states due to the 
single hole spin relaxation. We neglect also here long-range exchange cou- 
pling between | + 1) and | — 1) exciton states. The electron-hole exchange terms 
-ISqJzSz induces thus a coupling between \+3/2)^ l±l/2);„ and |-3/2)^ l±l/2)^ 
states respectively. The eigen-energies of H, all doubly degenerated, are eas- 
ily derived, and, in the two limiting cases 7j << Sq or 7j >> Sq, we obtain 
respectively, in first order approximation: 

71,2 «^o, E± ^ ±^?ir?exc - i (^21±^ ^ 71-72 ^'^^ J ^jj_2a) 



(11.1) 



71,2 » Ao, E± « ±-tko - ni(2) (II.2b) 
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. i : 



(yi+r2)/2 



T 



(Yi+r2)/2 



(a) 



72 



y2 



(b) 



Fig. II. 1. The effective electron-hole level scheme for: (a) strong exchange cou- 
pling between electron and hole spins; (b) weak exchange coupling between elec- 
tron and hole spins. The quantization axis is taken along Oz, so that |±l/2)^ = 
(1-1-1/2) ± 1-1/2)) /a/2, and it is assumed that Hw < Aq. 



In the first regime II. 2a, tlie short-range exchange term —^AaJf^Sz in 
the hamiltonian 1.23 produces strong coupUng between the electron and 
hole spins, so that electron-hole exchange contributes effectively the split- 
ting hf2,,, between |+3/2) J-1/2)^ (|+3/2) J+1/2) J and |-3/2) J+1/2)^ 
(|— 3/2)^ | — 1/2)^) electron-hole states. The electron-hole energy scheme is dis- 
played in figure II. 1, where we have turned back to the more convenient Oz 
quantization axis. The exciton beats are then observed, till they are damped 
due to the MAS process (which rely on long-range electron- hole exchange). In 
the second case, the electron and hole spins are in the weak coupling regime, 
leading to the collapse of the eigen-energies, so that the electron-hole ex- 
change does not manifests itself any more in the electron-hole energy levels. 
The splitting of the latter corresponds now to the Zeeman splitting hu of the 
electrons as if they where alone, and the electrons can be treated as indepen- 
dent from the holes. Electron beats corresponding to single electron Larmor 
precession will then be observed, since the hole spin flip does not affect the 
electron spin-states coherence, till they are damped due to the Dyakonov and 
Perel relaxation process (which rely on electron spin-orbit interaction in the 
conduction band). 
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Appendix III: Exciton-exciton Coulomb scattering: 
direct and exchange terms 

We recall now briefly the main properties of exciton-exciton Coulomb scat- 
tering in 2D systems, including exciton spin degree of freedom. We follow 
here the approach of C. Ciuti et al. [76], limiting ourselves to a two ex- 
citon system. Taking the 2D exciton in the Is state envelope function (cf. 
Appendix I), and neglecting heavy- hole light-hole valence band mixing, it is 
possible to define the probability amplitude xs {se^jh) = {se^jh I S), where 
\S) is a linear combination of \M) states (M = ±1,±2). For instance, 
X+i{se,jh) = '^s,..-i/2<5jfe, -1-3/2 • th*-" c-Asc of cxcitation by elliptical light, 
excitons are created in the elliptical states \Eg) (see equation 1.28), so that 

XS(0)iSe,jh) =sin{0+^)x+l {Se,jh) + cos {d+^)x-l {Se,jh)- 

The basic two exciton interaction we consider is the elastic Coulomb scat- 
tering process: 

(Is, K, S) + (Is, K', S') (Is, K + Q,S) + (Is, K' - Q, S') (III.l) 

where the lowest Is two dimensional exciton states \ls,K,S) {v^ = i^h = ^) 
can be represented by the wave function : 

{re,rh,Se,jh \ ls,K,S) = ^K{re,rh)x{se,jh) 



Here, \i^K{i'e,rh) is the two band envelope function of the HH exciton, R and 
r are its centre of mass and relative motion coordinates respectively, and A 

r 

is the quantization area, ^is(t') = ^^^20 ^ is the relative motion wave 

function(c.f. appendix I) ^. Inelastic scattering channels to bound biexciton 

states are neglected here for simplicity. As a fact, time- resolved photolumines- 
cence experiments on GaAs/AlGaAs QW can be described without including 
them. Neglecting here electron-hole exchange, which actually produces very 
small splitting (~ O.lmeV within an exciton, as seen previously cf. 1.1, and 
even less between two excitons) , it is possible to build two-exciton states which 
are symmetrical with respect to exciton transposition (simultaneous transpo- 
sition of two constituting fcrmions), but antisymmetric with respect to single 
fermion (electron or hole) transposition: 



In the strictly 2D approach wc adopt here, the single particle envelope functions 
Xi/e (•?) and Xi^h (^) P^^y no significant role, and are dropped for simplicity 
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+'l'K{K,r'f,)xs{s'e,j'h)^K'{re,rh)XS'{Se,jh)] 
~7f ['^^^(^e''''»)Xs(Se,ifc)!^'j<:'(''e,r^)XS'(Se,i^,) 

+<I^K{re,r'f,)xs{se,Jh)^K'{r'e,rh)xs'{s'„jh)] | (111.3) 
Considering the four particle hamiltonian: 

where: y,„t(re, r^, r^, r^) = -V {\re - rh\) - V (K - r'^\) + V Qre - r'J) + 
y {\rh - r'^\) - V (|re - r'f^\) - V {\r'^ - rh\) and V{r) = eV(eor), the scatter- 
ing amplitude of the process III.l is given by : 



{K, K', Q) = {<l>'^%, I H |4%t^,+Q) (III.5) 
s 

It was shown in [76] that Hg^g, ^ {K, K', Q) takes the form: 

Hllf^{K,K',Q) = 

{S I Sf) (y I S'f) Ha^r{K, K\ Q) + {S\ S'^) {S' \ Sj) H^^.^iK, K' , Q) 
+^exch{S' 5") Sf, S'f)Hl^^f^{K , K' , Q) + S^^^f^{S, S', Sf, S'f)H^^^f^{K , K', Q) 

(III.6) 

Here, is the direct Coulomb term, which corresponds to the classical 

electrostatic interaction between the two excitons, -ff^^/i the term corre- 
sponding to exciton-exciton exchange as a whole. The third and fourth terms 
correspond to exchange of a single electron, or single hole respectively. The 
factors «S|^^^ and S^^^^^ are given by the spin exchange sums. For instance, for 
electron exchange : 

Sl,,^{S,S',Sf,S'f) = X%{Se,jh)xMj'h)X*sM,jh)X^{Se,fH) 

(III.7) 

A similar expression holds for iSg^.^^. The scattering processes are schemati- 
cally represented on figure (AIII.l). 

The orbital part of the different scattering amplitudes in III. 6 has been 
calculated in [76]. 

The direct term is the most simple, and can be formulated as: 
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K+Q,S 



K',S' 



K'-Q,S' 



K,S 



IC-K -Q4 



DC 



K'.S' 



K'-Q,S' 
» 



K+Q,S 



(a) 



(b) 



K,S K,,Sf K,S K,,S, 

K',S' K f ,S f K',S' K f ,S f 

(c) (d) 

Fig. III.l. Scheme of the Coulomb scattering processes between two heavy-hole 
excitons : (a) direct process ; (b) exciton exchange as a whole; (c) electron exchange; 
(d) hole exchange. The electron-hole exchange processes, less efficient, has been 
neglected. 



Hdir{K, K' , Q) = HdiriQ) 



1 27re2 
A eoQ 



I [l + (a|^/3eQ) - [l + (al^PhQ)"] } 



(III.8) 



Here, V{Q) is the 2D Fourier transform of V{r) and | j (Q) is the 

Fourier transform of the probability areal density |^ of the relative 

motion wave function and Pe{h) is the ratio defined by 0e{h) = 'me(hi.) / {me + 

rrihi)- 

The exciton exchange term is linked to the direct one by the relation : 

H^,,^{K, K', Q) = Hdir{K, K', K' - K - Q) = Hdir{\K' -K\,Q, 6) 

(III.9) 

where 9 = (K' - K,Q). U \K' - K\ajf « 1, we can, from III.8, make the 
approximation: H^^^f^{K,K',Q) « HdiriQ)- 

The single electron and hole exchange terms are more difficult to compute. 
It turns that they are positive real numbers, and that [76]: 

Ht,,^{K, K', Q) = Hl,,^ {\K - K'\ , Q, 6, p,) (Ill.lOa) 
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Fig. III. 2. The dimensionless electron-electron exchange integral —lexch = 
Hexch d-f^' ~ -f^l = 0,Q,9,/3e) /C as a function of 2Qa?^ for three different values 
of m^/mh ■ Solid line: m^jmh = 0.5, corresponding to a GaAs quantum well. Long- 
dashed line: me/rrih = 0. Dotted line: m^lmu = 1. Inset: the dimensionless direct 
integral Idir{Q) ~ Hdir{Q)/C is shown for comparison [76]. 



For \K~K'\ = 0, Hl^^^{Q,Q,e,p,) = H^^^^^{0,Q,9, (3^), and both become 



independent of 9. The variations of H^^^f^{0, Q, 9, (3e) and Hdir{Q) (normahsed 

to the energy : C = (f ) 2^^) are plotted on fig (AIII.2). The dependence 

on the mass ratio nie/mh of the single particle exchange is not critical, 

contrary to the direct H^ir or exciton exchange -ff^^^^amplitudes. It turns 
that, for Qa^ = the single particle exchange terms are at their maximum, 
while the direct one vanishes. This situation corresponds to a cold exciton gas 
photogenerated close to if = 0, so that final states lie also close to K — 0. 
In that case, the single particle exchange amplitude is largely dominant, and 
can be taken as a constant [76], the latter being close to i7g^^^(0, 0, 0, /3e) « 



As for the spin exchange amplitude, it is more convenient to express it in 
terms of effective spin Hamiltonian, with the following operators: defining the 
heavy-hole effective spin as |±3/2) = |=f1/2)^, and Sg(;j) = Sf,(h)/h the single 
spin operators, we obtain for an exciton pair (z, j): 



Ht,^{K, K', Q) = i/^U {\K - K'\ , Q, 9, 



(III. 10b) 




'exch 



2sl.si + 1/2 = 2sl,sl, + + sl_si^ + 1/2 (Ill.lla) 



•h 

'exch 



2sl.si + 1/2 = 2sl,sl^ + sl^si_ + sl_sl^ + 1/2 (Ill.llb) 
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Finally, for a cold cxciton gas close to K = 0, it is possible to write the 
approximate scattering Hamiltonian as : 
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